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GLOSSARY OF TERMS 
 
 
There are a number of magnesia-related terms that will be used throughout this 
thesis, and they are defined below: 
 
Magnesia MgO, magnesium oxide. 
Magnesite MgCO3, magnesium carbonate (naturally occurring). 
Calcined magnesia Magnesia formed when magnesite is heated to 
temperatures between 700°C and 1000°C.  Chemically 
reactive. 
Deadburned magnesia Magnesia sintered at temperatures between 1500°C and 
2200°C.  Chemically inert. 
Fused magnesia Produced by the electric arc melting of calcined 
magnesia at temperatures above 2800°C. 
Dolomite (Mg,Ca)CO3, magnesium calcium carbonate (naturally 
occurring). 
Lime CaO, calcium oxide. 
Phase A chemically and physically uniform or homogeneous 
quantity of matter that can be separated mechanically 
from a non-homogeneous mixture. 
Soak time Duration of exposure at a set temperature. 
Soak temperature Temperature at which a sample is exposed for a set 
time. 
Green briquettes Pressed, unfired MgO briquettes. 
Deadburned briquettes Pressed, fired MgO briquettes. 
XRD X-ray diffraction. 
XRF X-ray fluorescence. 
SEM Scanning electron microscope. 
EPMA Electron probe microanalysis. 
Cryptocrystalline Very small crystal size. 
 xiv
LOF Loss-on-fusion.  The % weight loss when the sample is 
heated to 1300°C while making a fused disc for XRF 
analysis. 
BSG Bulk Specific Gravity (or bulk density, in g.cm-3). 
PCS Periclase Crystal Size (the average crystal or grain size, 
in μm). 
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SUMMARY 
 
The two main elemental impurities in commercial deadburned magnesia (MgO) 
are calcium and silicon.  Mineralogically, they are usually present as one or a 
combination of the following phases: lime (based on the component CaO), quartz 
(based on the component SiO2), 2CaO·SiO2, 3CaO·SiO2, 3CaO·MgO·2SiO2, 
2MgO·SiO2 and CaO·MgO·SiO2.  The type and relative abundance of these phases 
can have profound effects on the two main quality parameters of the deadburned 
MgO – namely the density (bulk specific gravity, BSG) and the crystal size 
(periclase crystal size, PCS). 
 
Given the importance of MgO and MgO-containing refractories in the iron and 
steel industry worldwide, it is important to understand the types of phases that are 
formed under various processing conditions (such as soak temperature and soak 
time), as well as the migration and mobility characteristics of some of these 
phases.   
 
The main source of the impurities is on or combined within the magnesium 
carbonate that is mined as the nodular mineral magnesite (MgCO3).  The 
Kunwarara region of Rockhampton, Australia, contains a vast deposit of very pure 
cryptocrystalline magnesite, so an understanding of the natural variation in 
morphology of the magnesite is important in the characterisation of this feedstock 
that will be firstly heated to ~1050°C to produce calcined MgO that is still quite 
reactive, then deadburned to ~2200°C to produce the final, relatively inert MgO 
used in the manufacture of refractory products. 
 
This study has shown that for the bulk of the magnesite nodules the main 
impurities, calcium and silicon, tend to be widely distributed throughout the 
nodule.  Line profile analysis of detailed qualitative EPMA maps has shown that 
the concentration of calcium at the outer surface of a naturally-occurring nodule is 
greatest, gradually reducing towards the centre of the nodule, an effect observed 
for even the purest magnesite. 
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Deadburning calcined magnesia at a variety of soak temperatures and soak times 
revealed that the temperature range 1600 – 1800°C is very important, as 
significant grain growth begins after 1600°C, whereas by 1800°C most of the 
densification has been completed.  This study has also shown that there is 
significant impurity mobility occurring within the gas-fired Electrofuel furnace 
used for the majority of the deadburning experiments, suggesting volatilisation of 
higher-vapour-pressure species. 
 
There are easily-discerned CaO inclusions or precipitates within MgO grains at 
the higher temperatures.  The distribution of calcium inclusions in deadburned 
magnesia, however, does not appear homogeneous.  High-resolution qualitative 
EPMA maps clearly show a depletion of calcium levels just inside the grain 
boundary of MgO compared to the bulk levels, an observation verified by 
quantitative analysis.  This is the first study to clearly demonstrate this effect 
across complete MgO grains. 
 
Doping calcined MgO separately with CaO and SiO2 and heating to 2240°C 
resulted in significant differences in the types of phases formed at high 
temperatures.  Numerous qualitative EPMA maps of the doped samples indicated 
that 3CaO·SiO2 was the dominant silicate species, a result seemingly at odds with 
the findings from the time- and temperature-varied experiments that 2CaO·SiO2 
was dominant.  This anomaly may be a result of silicate vapour phase transport 
that is enhanced by volatilisation due to water vapour present in the gas-fired 
furnace. 
 
Vapourisation losses from samples isolated from the effects of the gas-fired 
Electrofuel furnace were found to be least for samples in close proximity to a 
calcium silicate source.  Losses were greatest for samples totally isolated from 
any calcium silicate sources, indicating the importance of vapour pressure in 
limiting or promoting further vapourisation. 
 
Finally, an investigation of an observed XRD intensity ratio anomaly in MgO 
found strong evidence for anisotropic crystal growth in MgO, a previously 
unreported effect.   
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1. BACKGROUND 
 
1.1 Introduction 
 
Magnesia (MgO) refractories are important in the steel industry as they are 
commonly used to line high-temperature vessels such as steelmaking furnaces 
(their main application), as well as being used as refractory linings for other 
furnaces.  Magnesia has excellent thermal and physical properties, melting at 
2800°C and having a maximum theoretical density of 3.58 g.cm-3.  Its thermal and 
physical properties, combined with excellent chemical stability in a variety of 
environments has led to it being the largest quantity basic refractory produced in 
the world. 
 
World magnesia annual production to December 1997 is shown in Table 1.1 . 
 
Table 1.1 World magnesia annual production to Dec. 1997 from natural 
(magnesite) and synthetic (seawater) sources, in thousand metric 
tonnes.1
Type Calcined Deadburned 
 
Natural (magnesite) 
Synthetic (brines) 
 
 
915 
240 
 
6180 
990 
 
 
 
Most magnesia is produced from the thermal decomposition of magnesite 
(MgCO3) ore, although there is a competing process using MgCl2 from seawater 
as the source of magnesium.  The many uses of magnesite are shown 
schematically in Fig. 1.1, and the uses of the various forms of magnesia are shown 
in Fig. 1.2. 
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Fig. 1.1 The forms and major uses of magnesite.2
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Fig. 1.2 Uses of the various forms of magnesia.3
 
 
 
1.2 Kunwarara Magnesite Deposit 
 
The chemical characteristics of the final deadburned magnesia refractory are 
influenced by the mineralogical characteristics of the magnesite ore from which it 
is produced.  This thesis will focus on magnesite sourced from the Kunwarara 
region of Queensland. 
 
The Kunwarara region is situated approximately 60 km north-west of 
Rockhampton in Central Queensland.  The magnesite resource covers an area 
currently defined to be about 63 km2, containing about 500 million tonnes of high-
purity nodular cryptocrystalline magnesite.4  In terms of the regional geology, the 
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deposit is located within a shallow freshwater sedimentary basin surrounded by 
low to medium relief hills of metamorphic and ultramafic rocks intruded by 
granites.  Figure 1.3 illustrates the theory presently favoured by geologists for the 
formation of the deposit. 
 
 
Fig. 1.3 Formation of the Kunwarara magnesite deposit (theory presently 
favoured).4 
 
 
The cross-sectional geology (Fig. 1.4) shows irregularly sized magnesite nodules 
typically ranging from 1 mm to 500 mm in diameter within mudstone and 
sandstone.  The groundwater level is normally located about 2 m beneath the 
surface.  Magnesite is usually found to depths of about 20 m.   
 
Clay
Mudstone
Clayey very
fine sand
Large nodules in
low abundance
Large nodules in
high abundance
Medium nodules in
moderate abundance
Small nodules in
low abundance
 
 
Fig. 1.4 Schematic cross-section showing typical geological features.3
 
Generally, there are two main types of nodular magnesite: “bone” magnesite and 
“medium density” magnesite.  Bone magnesite is characterised by its very high 
density and whiteness.  It has very low porosity and tends to form the largest 
nodules.  Medium density magnesite is more common throughout the deposit.  It 
is softer, less dense and more prone to inclusions and foreign material.  Porosity 
usually varies from 10-25%, although extreme cases of >50% can occur. 
 
Individual magnesite crystals range between 1-5 μm in length.  Typical impurity 
minerals present include dolomite, quartz, clay silicates and iron and manganese 
oxides.  The impurities tend to be concentrated near the outer skin of the nodules. 
 
 5
1.3 Magnesia and the Steel Industry 
 
It is estimated 4  that around 70% of refractory-grade magnesia is used by the steel 
industry, with around 13% used in the cement industry.  Within the steelmaking 
industry, each of the following industrial processes use magnesia-containing 
refractories: 
• Direct Reduced Iron (DRI) 
• Direct Iron Ore Smelting (DIOS) 
• Steelmaking processes 
• Basic Oxygen Furnace (BOF) technology 
• Electric Arc Furnace (EAF) technology 
• Ladles and secondary steelmaking 
• Continuous casting 
 
An example of the use of various magnesia and magnesia-containing refractories 
is in the balanced lining of a Linz Donawitz (LD) converter (Fig. 1.5). 
 
Magnesia carbon bricks
Magnesia carbon bricks
Magnesia dolomite bricks
Magnesia high dolomite bricks
Monolithic magnesia
refractory lining
Basic magnesia
brick lining
Basic carbon bricks
Magnesia dolomite bricks
Magnesia stamping mix
Basic magnesia brick linings
Magnesia dolomite bricks
Magnesia carbon bricks
Magnesia lime bricks
Monolithic magnesia
refractory lining
Magnesia stamping mix
Magnesia carbon bricks
High purity
magnesia bricks
High purity
magnesia bricks
Fused magnesia
carbon bricks
 
 
Fig. 1.5. Balanced refractory lining of an LD converter 4  designed to wear 
at approximately the same rate throughout. 
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Deadburned magnesia that is to be used in LD converters needs an MgO content 
of >96%, a CaO/SiO2 ratio of at least 3:1, a bulk density of >3.40 g.cm-3 and a 
crystal size of >90 μm. 
 
 
1.4 Producing Refractory-Grade Magnesia from Magnesite Ore 
 
The process for producing refractory-grade deadburned magnesia in Australia is 
by calcining upgraded magnesite (MgCO3) ore at around 1025 – 1050ºC to 
produce magnesia (mineral name periclase, MgO).  The calcined magnesia is very 
reactive (hydrophilic) and has a low density (approximately 0.8 – 0.9 g.cm-3) and 
crystal size (approximately 5 – 10 μm).  The calcined magnesia is then briquetted 
and sintered (or deadburned) at approximately 2200ºC.  The density of the 
resultant sintered briquettes increases to approximately 3.44 g.cm-3 and the crystal 
size to approximately 140 μm. 
 
 
The chemical process used industrially can be described as follows: 
 
Calcination: MgCO3 (s) → MgO (s) + CO2 (g),  Temp. ≈ 1050ºC         …(1) 
 
then 
 
Deadburning: MgO (s, 5-10 μm) → MgO (s, 140 μm),  Temp. ≈ 2200°C  …(2) 
 
This process produces very dense briquettes which are shipped to refractory 
manufacturers who crush and blend them, depending on the specific refractory 
formulation.  The complete production process, producing calcined, deadburned 
and electrofused magnesia from magnesite, is shown schematically in Fig.1.6. 
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Fig. 1.6. Typical process flow diagram 4  showing the production of 
calcined, deadburned and electrofused magnesia from magnesite. 
 
 
1.5 Preparation of Calcined Magnesia from Magnesite 
 
Calcined magnesia is formed from magnesite according to reaction (1).  While the 
industrial process involves heating magnesite to ~1050°C in order to rapidly 
decompose it to magnesia, decomposition does commence at lower temperatures 
(between 500 – 900°C).  The wide temperature range indicates that there is some 
conversion at temperatures as low as 500ºC (although this is a very slow 
conversion requiring in the order of tens of hours), whereas at 900ºC the 
conversion occurs within minutes. 
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Eubank 5  commented on the calcination steps involved as "(1) loss of gases at 
temperatures of 300ºC to 500ºC and (2) recrystallisation or sintering at 
temperatures above 900ºC".  Figure 1.7 shows the model used by Eubank to 
describe the transformation from magnesite to dense magnesia, with particular 
attention to the lattice parameter as this transition occurs. 
 
Active MgO -
deadburned at
low temperature
Inert MgO -
deadburned at
high temperatureMgCO 3
5.84
a.u. 4.212
a.u.
4.201
a.u.
CO2
 
 
Fig. 1.7 Calcination of MgCO3 to active (dilated lattice) and inert (normal 
lattice) MgO (a.u. = atomic units).5   
 
 
The significant change in the MgO lattic upon densification is also described by 
Green,6 who proposed a sequence of events that characterised the calcination of 
Mg(OH)2 as follows: 
(a) Sudden recrystallisation of MgO from a hexagonal structure. 
(b) Cracking of the precursor/product crystal into small fragments as the 
crystal fracture stress is exceeded. 
(d) Gradual desorption of water (or residual CO2) trapped in the crystal 
agglomerate. 
(d) Shrinkage of the MgO crystal lattice until the equilibrium unit cell 
dimension is reached. 
(e) Growth of the MgO crystals caused by diffusional material transport. 
(f) Sintering together of the MgO crystals. 
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He comments further:  "These processes influence the properties of the MgO very 
strongly, but the extent to which they occur is a complex function of calcining 
temperature, time, atmosphere, impurity level in the material and Mg(OH)2 
morphology.  Thus, a number of variables can have significant bearing on the 
performance and economics of the calcining process, and on product quality". 
 
 
1.6 Calcium Silicate Impurities in Magnesia 
 
The two main quality-determining characteristics for refractory-grade deadburned 
MgO are the bulk density (bulk specific gravity, BSG) and the periclase crystal 
size (PCS).  Premium-grade deadburned MgO has a BSG in the range 3.41-3.44 
g.cm-3.  For comparison, electrofused magnesia (formed by melting calcined 
magnesia at over 2800ºC) has a density of between 3.50-3.53 g.cm-3, close to the 
theoretical density of MgO of 3.58 g.cm-3.  The two main elemental impurities in 
deadburned magnesia are calcium and silicon.  When expressed as the abundance 
of their respective oxides, as is routinely done with XRF analysis, a typical 
CaO/SiO2 ratio found in MgO is between 2 – 4.  Generally, if the CaO/SiO2 ratio 
is greater than about 2, then high-melting-point compounds like dicalcium silicate, 
2CaO⋅SiO2 (m.p. 2130°C), and tricalcium silicate, 3CaO⋅SiO2 (m.p. ~2080°C), are 
formed.  If the ratio is less than 2, then lower-melting-point silicates are formed, 
melting typically around 1500°C.  Mineralogically, the calcium and silicon can be 
present as lime (CaO), quartz (SiO2) or in a number of distinct calcium silicate 
phases.   
 
Calcium silicate impurities are important in that they significantly influence the 
physical and chemical properties of deadburned magnesia refractories. 
 
The notation to be used extensively from hereon is that used in the cement and 
refractories industries, where the CaO, SiO2 and MgO are abbreviated by the 
letters C, S and M respectively.  The calcium silicates most commonly-found in 
deadburned magnesia are designated as β-C2S, γ-C2S, C3S, C3MS2 (merwinite), 
CMS (monticellite) and C7MS4 (bredigite).   
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 A consideration of the MgO – CaO – SiO2 phase diagram (Fig. 1.8) is helpful in 
understanding the phases formed on cooling from the melt, assuming equilibrium.  
The diagram shows the temperature-composition surface at which the first solid 
phase appears on cooling.  The ternary phase diagram (Fig. 1.8) looks very 
complicated, more so considering that when the three binary systems (CaO-MgO, 
MgO-SiO2 and SiO2-CaO) are combined, many phases that are stoichiometric in 
the binary systems become solid solution phases.  This is due to the substitution of 
Mg2+ and Ca2+ for each other.7  In practice, however, a production-line vertical 
shaft kiln producing 5-10 t/hr of deadburned magnesia briquettes does not usually 
achieve an equilibrium condition in the briquette. 
 
 
 
 
Fig. 1.8 Phase diagram for the MgO – CaO – SiO2 system.8
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 The presence of calcium silicates is important because they liquify at deadburning 
temperatures, enabling liquid-phase sintering of the magnesia grains.  This allows 
diffusion and growth of larger and denser crystals.  Figure 1.9 shows (a) a low 
calcium-silicate-containing deadburned magnesia and (b) a high calcium-silicate-
containing deadburned magnesia.  Calcium silicates accumulate at the grain 
boundaries, enhancing grain growth, and without their presence it would be much 
more difficult (i.e. costly) to produce magnesia of similar BSG and PCS.  
However, their presence does have important consequences.  Monticellite 
(CaO⋅MgO⋅SiO2) and merwinite (3CaO⋅MgO⋅2SiO2) melt at 1495°C and 1575°C 
respectively.  Considering that magnesia refractories are used to line iron and 
steelmaking vessels operating at about 1600ºC, it can be seen that both of these 
phases will be liquid at these temperatures and susceptible to slag/metal attack.  In 
fact, most of the slag penetration in high-temperature vessels occurs at the sites 
where low-melting-point phases occur.  Consequently phases such as these are 
detrimental to the quality of MgO refractories. 
 
 
 
(a) (b) 
 
Fig. 1.9  (a) Low calcium silicate MgO, and (b) high calcium silicate MgO.  
The calcium silicate appears as bright regions between MgO 
grains.  Dark areas are air-filled pores. 
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The physical and chemical characteristics of deadburned magnesia can be greatly 
influenced by the mineralogy of the magnesite feedstock.  For example, ores 
having a high dolomite content will usually yield magnesias high in calcium.  
Elevated calcium levels may be manifested in high calcium silicate levels 
(particularly tricalcium silicate) or in high free-CaO levels.  Processing conditions 
will play a major role in shaping the final product chemistry. 
 
The effect of impurities in the source magnesite on the properties of the calcined 
magnesia has been studied by a number of researchers.6,9  They suggest that the 
presence of impurities hinders the grain growth and boundary migration rates due 
to impurity "drag" at the grain boundaries.  This “drag” is caused by the moving 
grain boundary encountering an impurity inclusion (or pore) and results in the 
inclusion becoming attached to the moving boundary, slowing the movement of 
the boundary.  Higher temperatures are required to overcome this drag effect. 
 
 
1.7 Forms of Calcium Silicate Impurities 
 
Dicalcium silicate (2CaO⋅SiO2) exists in several polymorphic forms 10  (Fig. 
1.10).  The only polymorph that is stable at room temperature (without the 
presence of any stabiliser) is the γ-form.  The most commonly-found polymorphs 
are α, α´, β and γ.11  Two other polymorphs closely-related to the α´-form, α´H 
and α´L, were reported.12,13  A monoclinic form, α´m, was also reported,14 as well 
as the existence of a cubic β´-phase at 1600ºC,15 and a metastable β-phase.16
 
 
 1425ºC 1160ºC 630–680ºC < 500ºC 
α α´ βα´H γ
690º
780–860ºC
 
 
 
 
 
 
Fig. 1.10 Dicalcium silicate transformation scheme.17
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The low-temperature orthorhombic γ-C2S is stable at room temperature.  Upon 
heating it changes to the α´L-form at approximately 860ºC and then to the α´H –
form at approximately 1160°C.  Hexagonal α-C2S is produced upon further 
heating to approximately 1425ºC.  Cooling to about 670ºC results in the 
appearance of monoclinic β-C2S.  This polymorph is not normally stable at room 
temperature and is not produced from heating γ-C2S.  There is a significant 
volume change of about 12% upon the transformation of the β-form to the γ-form 
(known as “dusting”).  This phenomenon can have considerable implications for 
the use of these forms in refractory applications. 
 
In considering the equilibrium condition first, a typical “green” (unfired) 
magnesia briquette will have the approximate chemical analysis 97% MgO, 2% 
CaO and 0.7% SiO2, with the balance consisting usually of A12O3, Fe2O3 and 
MnO2 (this is on the basis of an XRF analysis, where all the metal species are 
expressed as their most stable oxides).  Considering this bulk composition, the 
CaO/SiO2 mole ratio is approximately 2.9, placing the composition in the ternary 
phase field MgO – 2CaO⋅SiO2 – 3CaO⋅SiO2 (Fig. 1.8).  This means that the first 
liquid would form at about 1790°C from these major components and would 
contain approximately 12% MgO, 59% CaO and 29% SiO2 (by weight). 
 
True equilibrium, however, is rarely attained, especially in an industrial process 
where factors such as kiln residence time may affect the reaction kinetics.  
Another cause of non-equilibrium can be inhomogeneity in the green briquettes, 
meaning that some regions of the briquette may be more lime- or silica-rich, 
altering the CaO/SiO2 molar ratio in that region of the briquette.  According to 
Lee and Rainforth,18  a CaO/SiO2 molar ratio of 1 to 1.5 in MgO refractory bricks 
will result in the formation of monticellite (CaO⋅MgO⋅SiO2), merwinite 
(3CaO⋅MgO⋅2SiO2) and MgO solid solution.  A molar ratio of 1.5 to 2 will result 
in merwinite, dicalcium silicate (2CaO⋅SiO2) and MgO solid solution.  A ratio of 
2-3 will produce tricalcium silicate and MgO solid solution.  If the CaO/SiO2 ratio 
in the bricks is greater than 3, then tricalcium silicate, CaO and MgO solid 
solution will form. 
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For the ternary system MgO – CaO – SiO2 (Fig 1.8), previous work 19  has shown 
solid solutions of CaO in MgO are in equilibrium with solid and liquid silicate 
phases.  Solid dicalcium silicate in equilibrium with a magnesia solid solution will 
contain appreciable quantities of forsterite, Mg2SiO4, in solid solution.  
 
Considering the binary system CaO – SiO2 (Fig. 1.11), it has been observed 20  that 
there are two stable binary phases that occur in the high-lime region of the  
system – dicalcium silicate and tricalcium silicate.  Dicalcium silicate melts at 
2130ºC, whereas tricalcium silicate is stable from 1249ºC up to its melting 
temperature of ~2070ºC.  Cooling tricalcium silicate below 1249ºC causes it to 
decompose to form mixtures of dicalcium silicate and calcium oxide.  
 
 
 
Fig. 1.11 Phase diagram for the CaO – SiO2 system.29  This diagram is 
shown for the sake of clarity, while acknowledging that there are 
more recent evaluations of the system.21
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It must be stressed, however, that there still exists a great degree of uncertainty in 
real phase equilibria which will affect the interpretation of results.  For example, 
the high-temperature behaviour of tricalcium silicate in the published literature 21  
suggests that, upon cooling, it decomposes to CaO and 2CaO⋅SiO2 at 1800°C.  
This contrasts with other data 7  showing it crystallising directly from the melt 
within a narrow compositional band. 
 
Recent work involving thermodynamic calculations of the CaO-MgO binary 
system 22-25  and the MgO-SiO2 binary system 26,27  has led to a greater 
understanding of the equilibrium condition, although conflict still exists over the 
magnitude of solid solubility of SiO2 in MgO at 1863°C (the forsterite-periclase 
eutectic). 
 
White 28  states that although phase diagrams have proven useful in predicting the 
phases to be expected in actual refractory samples depending on their 
composition, the appreciable solid solubility between some of the phases can have 
a distorting effect on the phase diagrams. 
 
1.8 Scope of this Work 
 
The objectives of this research were to: 
 
1. characterise typical magnesite ore types found near the Kunwarara region 
of Rockhampton, Australia, particularly with respect to the concentrations 
and distributions of calcium and silicon.   
 
This was to establish where these minor elements occur within individual 
magnesite nodules.  A representative set of 12 nodules from the region 
were examined by electron probe microanalysis (EPMA) and X-ray 
diffraction, 
 
2. determine the effect various thermal treatments had on, firstly, the main 
physical property parameters BSG and PCS, and secondly, the 
concentration and distribution of the calcium silicate phases.   
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Briquetted samples of calcined magnesia were deadburned at a variety of 
soak temperatures and soak times in order to investigate this, 
 
3. determine the type and distribution of calcium silicates formed within 
magnesia samples that had been doped with discrete pellets of either CaO 
or SiO2.   
 
The doped discs were thermally treated and subsequently examined by 
EPMA to observe the phases formed and their distribution, 
 
4. determine the extent of migration of calcium silicate species into pure 
MgO.   
 
Briquetted AR-grade MgO was placed in contact with a variety of 
briquetted mixtures containing AR-grade MgO, AR-grade CaO, AR-grade 
SiO2 and commercial refractory-grade magnesia bricks and subsequently 
thermally treated at 2240°C.  The samples were examined mainly by SEM, 
XRD and XRF to determine the extent of migration, 
 
5. investigate the various causes of solid- and vapour-phase migration and 
contamination in a suite of samples thermally treated in an electric 
furnace at 2000°C.   
 
The samples were heated in a zirconia-insulated furnace in order to isolate 
the effects of calcium and silicon vapour-phase contamination that is a 
feature of laboratory-scale, gas-fired furnaces capable of heating above 
1800°C in air.  This work was designed to determine the relative 
importance of the two types of calcium silicate migration that can occur 
(viz. vapour or contact) in a furnace, and 
 
6. investigate the often poor correlation between mineralogical phase 
abundance by XRD and bulk chemical abundance by XRF. 
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2. EXPERIMENTAL METHODS 
 
2.1 Techniques 
 
During this research, a wide variety of experimental procedures and methods were 
employed to prepare, treat and analyse samples as diverse as raw magnesite to 
pressed, doped magnesia discs. 
 
Each of the main experimental methods is described below. 
 
 
2.2 X-Ray Diffraction (XRD) 
 
X-ray powder diffraction was used to identify and quantify mineralogical phases, 
particularly the various forms of calcium silicates.  Each solid sample was crushed 
to < 100 μm, usually in a zirconia ring mill.  Typical sample sizes needed for 
analysis ranged from 2 – 5 g, depending on the density and type of material. 
 
The instrument used for qualitative and quantitative phase analysis was a Philips 
X’PERT powder diffractometer system incorporating a PW3020 goniometer and 
PW3710 diffraction controller.  The system used a Cu long-fine-focus tube 
operated at 40 kW and 40 mA with a diffracted beam, curved-graphite post-
diffraction monochromator with a sealed proportional detector. 
 
The data was collected, usually scanning from 15 – 150° 2θ with a step width of 
0.025° 2θ and a sampling time of between 1 – 10 sec/step.  In practice, a variety 
of angular ranges and step widths were used, depending on whether mineralogical 
phase identification or quantification was required. 
 
If any amorphous (non-crystalline) material was present or suspected of being 
present, an internal standard was added to each powdered sample.  Calcium 
fluoride (CaF2) was used as the internal standard at the 20 wt% level, thoroughly 
mixed into the sample by co-grinding.  The sensitivity of the method is such that 
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amorphous phases present at the levels of less than 2-4 wt% would not be 
detected. 
 
Quantitative phase analysis using the Rietveld method 30  was conducted using 
either the QUASAR Version 1.0 software program 31  or the SR5 program,32 both 
run on a Pentium™ PC. 
 
All of the samples exposed to high temperatures were cooled slowly 
(approximately 10 hours) in order to more closely reflect the cooling regime 
found in industry.  As a result, minimal solid solution was expected between lime 
(CaO) and periclase (MgO).  To prove this, the unit cell for periclase was 
calculated and found to decrease by about 0.0014Å between the samples heated to 
between 1400°C and 2200°C and slowly cooled.  This is considerably less than 
the theoretically-calculated decrease of about 0.0300Å found when 5% lime solid 
solution is imposed on a calculated periclase pattern. 
 
Further evidence of little or no solid solution was the very small change in peak 
position for the main periclase peak (0.124Å).  The absence of solid solution 
formation in the slowly-cooled samples minimises the error associated with the 
calculated compositions based on the Rietveld method. 
 
 
2.3 X-Ray Fluorescence (XRF) 
 
X-ray fluorescence (XRF) was used to determine the bulk chemical analysis of 
powdered samples.  Sample sizes of 0.3 – 0.5 g were required.  The method is 
useful for determining total abundances for a wide variety of elements.  For 
example, if CaO, CaF2, and CaSiO3 were present in a sample, the XRF analysis 
would report a weight-averaged CaO result, expressing the total elemental 
calcium content as calcium oxide. 
 
The technique requires careful correction for matrix effects as, for example, 
measuring calcium content in magnesia would yield a different answer to 
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measuring the same calcium content in lead oxide.  Consequently, the XRF 
instrument needs a set of elemental standards for calibration and matrix-
correction. 
 
The instrument used for this work was a Philips PW 1404 wavelength-dispersive 
X-ray fluorescence spectrometer. 
 
Together, XRD and XRF account for the bulk of the routine chemical and 
mineralogical analysis reported in this work. 
 
 
2.4 Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy (SEM) is a very powerful surface microanalytical 
technique for observing minute differences in chemical and mineralogical 
composition.  The technique requires a solid sample measuring less than 20 × 20 
mm which is mounted into a thermosetting epoxy resin.  The surface to be 
investigated is exposed, ground optically flat and polished to remove all scratches 
from the surface.  The surface is then coated with carbon (by electro-sputtering 
under vacuum) to reduce any localised charge build-up under the electron beam. 
 
The instrument used was a Jeol JSM 25 SIII operating at an accelerating voltage 
of 25 kV.  Differences in elemental composition were observed in two ways.  
Firstly, the differences were observed visually – the greater the atomic number the 
brighter the element appears on the screen.  Therefore, calcium silicate grain 
boundary phases appear bright against a darker MgO background.  As well, 
tricalcium silicate will appear brighter than dicalcium silicate (due to the higher 
calcium content). 
 
Secondly, the instrument contained a backscatter detector for measuring the flux 
of the backscattered electrons – to a very good approximation the larger the mean 
atomic number the greater the backscattered electron flux.  The detector output 
was fed to a spectrum analyser which displayed the resulting spectrum on a PC 
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screen, thus allowing a narrow electron beam to investigate very small regions (< 
10 μm) and determine qualitative elemental distributions within these areas. 
 
 
2.5 Electron Probe Microanalysis (EPMA) 
 
Electron probe microanalysis (EPMA) is a quantitative version of SEM and is 
used to determine accurate elemental abundances, as well as semi-quantitative 
elemental maps of small and large features.  The instrument used for quantitative 
elemental analysis was a Cameca Camebax microbeam analyser operating at an 
accelerating voltage of 15 kV and a beam current of 20nA.  The backscattered 
electrons are analysed by a number of dedicated detectors that are each assigned 
an element or a small number of elements.  The number of counts in a 
predetermined time interval is correlated to the counts from a known elemental 
standard, thereby allowing the calculation of the quantitative elemental abundance 
to be made.  Studying simple and stable oxide systems, such as the ones reported 
in this work, is relatively straightforward using this technique as most elements 
are in their most stable valence state.  Sample preparation was identical to that for 
SEM analysis. 
 
The instrument used for producing semi-quantitative elemental maps was a Jeol 
JXA-8900R electron microprobe.  The instrument allowed very rapid elemental 
analysis whereby a 1024 × 1024 data-point map (total of 1,048,576 data points) 
could be produced in about 2 hours.  Each data point contained information 
acquired simultaneously from five separate detectors, each assigned a different 
element.  For example, each pixel in a displayed map contained information on 
the relative abundance of five elements. Chimage®,33  a CSIRO-developed 
software program was used to display and manipulate EPMA elemental maps. 
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2.6 Briquetting 
 
Briquetting was achieved using a 100-tonne press and a suitable hardened steel 
die set.  The press was a single direction, hydraulically operated unit with a 
hydraulic pressure preset to apply the required pressure continuously on the ram.  
This ensured that the load on the sample was maintained regardless of the 
displacement occurring within the material being compacted.  The die sets used 
were prepared from either Assab 8407 hot work die steel or Sanderson Newbold 
476 die steel hardened to 52 Rockwell C.  Each briquette was approximately 25.4 
mm in diameter, 12 mm high and compacted at 308 MPa. 
 
 
2.7 Bulk Specific Gravity (BSG) 
 
Density (along with periclase crystal size) is one of the physical properties of 
deadburned magnesia important to industry.  The procedure for the determination 
of the bulk density of granular material is detailed in ISO standard ISO/DIS 
8840.34  The technique measures the displacement of mercury, and involves 
immersing 100 g of granular magnesia (+ 2mm/– 6 mm) in mercury in a 
calibrated glass pycnometer. 
 
The use of mercury displacement in preference to water displacement was 
necessary due to the reactivity of magnesia with water. 
 
 
2.8 Periclase Crystal Size (PCS) 
 
The average diameter of the magnesia crystals, known as periclase crystal size 
(PCS), is measured by an indirect method.  In industry PCS used to be measured 
by comparing an optical micrograph of the grain structure with previously-
calibrated “standard” grain size patterns.  This required a somewhat subjective 
judgement to be made by the analyst as to which standard pattern best matched 
the observed grain size seen in the optical micrograph. 
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Technology has changed the way PCS is measured.  Now, a representative sample 
of granular magnesia (+ 2mm/– 6 mm) is mounted in a thermosetting resin and 
then polished to reveal the grain structure.  A video capture assembly is attached 
to a standard laboratory optical microscope and an image of the grain structure is 
captured and sent to an image analysis program. 
 
Approximately 1500 random chord lengths are measured across grains in the 
image, and a computer algorithm calculates the average grain size based on the 
assumption of spherical grains.  While this is not always a good approximation, as 
magnesia grains are rarely truly spherical, the method does remove much of the 
subjectivity from the analysis procedure. 
 
 
2.9 Electrofuel Furnace 
 
Most of the deadburning work was conducted using an Electrofuel gas-fired, high-
temperature furnace.  The furnace is capable of 2300°C in air, a temperature 
approximating the maximum temperatures attainable in industrial-scale vertical 
shaft kilns used by many deadburned magnesia producers. 
 
The furnace uses four natural gas/air burners to achieve a temperature of 
approximately 1350°C, at which time four natural gas/oxygen burners are ignited 
and used to reach temperatures up to 2300°C.  The gas/air burners are turned 
down once the gas/oxygen burners are ignited.  The furnace is expensive to run, 
costing over $3000 per run above 1800°C. 
 
The furnace is lined with high-grade magnesia refractories that are excellent 
thermal barriers, but do contribute to a calcium silicate-rich atmosphere.  At 
temperatures in excess of 1800°C, the calcium silicates present in the refractory 
bricks become mobile and by vapour phase diffusion contaminate samples that are 
being fired.  This is discussed at length in Chapter 6.  The heating and cooling 
profiles used are described in more detail in Chapter 4. 
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2.10 CM Furnace 
 
A series of experiments were conducted using an electrical resistance furnace 
capable of reaching 2000°C in air.  This furnace was lined with high-purity 
zirconia, limiting the possibility of calcium silicate mobility and the subsequent 
contamination of the experimental briquettes.  Zirconia can, however, form solid 
solution phases with CaO, MgO and SiO2, so it is possible that the furnace 
components could act as a sink for these compounds. 
 
The furnace used two sets of elements to achieve its maximum temperature.  A set 
of twelve molybdenum disilicide elements positioned in a cavity surrounding the 
furnace enclosure heated it to 1200°C, at which time a set of eight zirconia 
resistance elements, which became conductive at this temperature, were activated, 
raising the temperature to 2000°C.  Although this temperature is low by industrial 
deadburning standards, it did mean that samples could be processed at very high 
temperatures without the influence of introduced vapour-phase calcium and 
silicon contamination. 
 
 
2.11 Examination of the Analysis Methodology 
 
The two main methods of analysis for elemental and mineralogical content are 
XRF and XRD respectively.  XRF measures, by reference to pre-prepared 
standards and careful correction for matrix effects, the total abundance of 
specified elements and reports this abundance as a weight fraction of the most 
stable oxide of the element.  For example, if a sample contained CaO, CaF2, and 
CaSiO3, the XRF analysis would report a weight-averaged CaO result, expressing 
the total elemental calcium content as calcium oxide.  This may lead to some 
confusion in the results, especially if the sample to be analysed is metallic, but in 
fully oxidised systems such as magnesia refractories the calculation is simple.  
While XRF provides very accurate information on the total abundance of selected 
elements, it cannot indicate mineral speciation. 
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XRD, on the other hand, can provide not only qualitative analyses clearly 
identifying the mineralogical phases present, but also quantitative analysis 
provided that all of the mineralogical phases present can be positively identified.  
It follows that an accurate quantitative XRD result can be re-calculated to provide 
total elemental oxide results.  Thus, the agreement between the two methods 
should be excellent.  The samples considered in this chapter are predominantly 
MgO, with small amounts of lime and silica-rich phases present.  Figure 2.1 is a 
comparison of the total MgO by XRF and the periclase (MgO) content by XRD. 
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Fig. 2.1 Plot of averaged abundances of periclase (by XRD) and total MgO 
(by XRF) with respect to deadburning temperature.  Note the black 
trendline denoting a 2nd order polynomial fit to the XRF data 
(y = 10-6 × x2 − 0.0029x + 98.676). 
 
 
It appears that the level of magnesia (whether expressed as the periclase phase or 
as total MgO) in the sample increases with increasing temperature.  This is 
probably due to the decrease in CaO (shown later in Chapter 4, Fig. 4.6) which 
becomes noticeable at 1800ºC and decreases with increasing temperature up to 
2200ºC.  The discrete periclase phase (by XRD) increases with increasing 
temperature, and the rate of increase accelerates between 1600 – 1800ºC (Fig. 
2.1).  Magnesia measured by XRF, on the other hand, is really a measure of the 
total elemental magnesium expressed as its most stable oxide (MgO), and it can 
be seen that it also rises, but at a lower rate.  Combining this information indicates 
that the periclase phase is becoming enriched in the sample due to the removal of 
other volatile species – most likely the lower-melting-point calcium silicate 
phases.  Vapourisation of impurities from commercial MgO clinkers was also 
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found 35  to be enhanced by humidity at high temperatures – an environment 
similar to that expected in the gas-fired Electrofuel furnace.  
 
As mentioned previously, the quantitative XRD results for the phase abundances 
can be re-calculated in terms of the total oxides present.  Figures 2.2 – 2.4 
compare the total oxides by XRF and the calculated total oxides by XRD with 
respect to temperature for the three oxides MgO, CaO and SiO2. 
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Fig. 2.2 The variation in total MgO by XRF and total MgO by XRD 
(expressed as “Calc. MgO”) with temperature for the Grade A 
samples. 
 
 
 
0
1
2
3
1200 1400 1600 1800 2000 2200 2400
Soak Temperature (°C)
C
on
ce
nt
ra
tio
n 
(w
t%
)
Total CaO (XRF)
Calc. CaO (XRD)
 
Fig. 2.3 The variation in total CaO by XRF and total CaO by XRD 
(expressed as “Calc. CaO”) with temperature for the Grade A 
samples. 
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Fig. 2.4 The variation in total SiO2 by XRF and total SiO2 by XRD 
(expressed as “Calc. SiO2”) with temperature for the Grade A 
samples. 
 
 
 
The MgO content (Fig. 2.2) is overestimated by XRD relative to XRF, whereas 
CaO and SiO2 (Figs. 2.3 and 2.4 respectively) were underestimated at 
deadburning temperatures beyond about 1600°C, where there is a wide divergence 
in concentration as measured by the two methods. 
 
A feature of the quantitative phase analysis by the Rietveld method 30  is the 
automatic summation of the measured phases to 100%.  This means that if there 
are mineralogical phases present at very low levels (say, < 0.5%) or mineralogical 
phases that are non- or poorly-crystalline, then they will not be identified and, 
consequently, the resulting quantitative analysis will over-estimate the relative 
abundances of the identified phases.  For example, if a sample contains 50% 
MgO, 30% CaO, 10% SiO2 and 10% amorphous (non-crystalline) material then, 
unless an internal standard has been added to the analysed sample, the resultant 
analysis will yield 56% MgO, 33% CaO and 11% SiO2.  The amorphous material 
would not have been taken into account because no diffraction peaks would have 
been evident. 
 
 27
The high-temperature deadburned samples considered here are all highly 
crystalline, as the extreme processing temperatures ensure the formation of stable 
oxides.  This has been verified by the inclusion of internal standards on a variety 
of random samples that showed no amorphous or non-crystalline material present. 
  
A series of re-calculations were performed on the XRD and XRF data in an effort 
to explain the following observations: 
 
1. In Fig. 2.2, the level of total MgO (by XRF) increases with increasing 
temperature.  The “calculated” total MgO in this figure is based on the 
assumption that all the magnesium can be accounted-for in the identified 
XRD phases, and that this magnesium is expressed as total MgO.  The 
calculated MgO (based on XRD data) also rises, but at a greater rate and 
has a greater initial magnitude than the XRF-based MgO concentrations.  
This is puzzling, as it would be expected that the XRF method is the more 
accurate method for determining total MgO, and that the XRD method is 
more likely to under-estimate the levels of Mg-containing species.  Of 
course, if the XRD analyses were over-estimating the levels of periclase, 
then this could explain the anomalous trends. 
 
2. There is a definite “jump” in the proportion of periclase (and, therefore, 
“calculated MgO”) between 1600 – 1800°C.  This may be due to the 
anomalous feature of this material whereby the [002] and [004] 
crystallographic reflections for periclase have substantially increased 
beyond their expected relative intensities between the temperature range 
1800-2200°C.36  This could possibly account for the anomalous increase in 
the periclase abundance at these temperatures, as the periclase would be 
over-estimated by the Rietveld refinement.  If this is so, then not only 
would periclase be over-estimated, but the remaining impurity phases 
would be under-estimated directly because of this (because of the 
requirement that all measured phases sum to 100%).  One method of 
determining the veracity of this is to assume that the actual periclase levels 
between 1800-2200°C follow the trendline established by the XRF data 
and artificially reduce the periclase levels at these temperatures so that 
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they match the trendline.  This will lead to an artificial increase in the 
levels of the remaining minor phases 
 
2.11.1   Comparison of XRD and XRF results 
 
Figure 2.1 shows the averaged results for the periclase abundance (by XRD), and 
total MgO (by XRF).  The averaged results are based on a single temperature but 
a wide variety of soak times (10 min to 300 min).  However, as a first 
approximation neglecting soak time was deemed acceptable. 
 
For the XRF results there is an upward trend fitted well by a 2nd order 
polynomial.  In contrast, the averaged XRD results for periclase abundance show 
the same trend between 1400-1600ºC followed by a significant increase between 
1600-1800ºC.  Assuming that the total amount of MgO (whether measured as 
periclase or total MgO) follows the same trend, then the two sets of data should 
have parallel trendlines.  As this was not the case, the averaged data for the 1800-
2200ºC were artificially reduced so that they fell along a similar trend to the total 
MgO by the use of a regression equation (Fig. 2.5). 
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Fig. 2.5 Plot similar to Fig. 2.1, showing the artificially-lowered periclase 
data from 1800-2200°C. 
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From Fig. 2.5, the trendline (y = 10-6x2 − 0.0029x + 98.676) established for the 
total MgO data (○) was used to artificially lower the XRD data for each sample in 
the 1800-2200ºC series.  This is shown where the three data points for periclase A, 
B, C were artificially-lowered to A′, B′, C′ so that they followed the same 
trendline as that established for the XRF data.  The new XRD data for periclase 
between 1800-2200°C (Δ) was used to re-calculate the abundances of the 
remaining minor phases.  After re-calculating the “corrected” XRD phase 
abundances, the total oxides were calculated so that a comparison between the 
total oxides (CaO and SiO2) by XRF and total oxides by “corrected” XRD could 
be made.  The results are shown in Figures 2.6 – 2.7. 
 
Figure 2.5 shows the total MgO abundance by XRF, the calculated abundance 
based on the uncorrected periclase data and the abundance based on the corrected 
periclase data.  There is now very good agreement between the XRF data  and 
XRD data at the high temperatures between 1800-2200°C.  This indicates that if 
periclase followed the same trend as the total MgO by XRF (as it should if there 
are no dramatic changes to the levels of the minor phases), then the total MgO 
content can be accounted-for based on measuring the relative phase abundances. 
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Fig. 2.6 Similar to Fig.2.3, but showing the new CaO values (by XRD) that 
were re-calculated based on the corrected MgO data. 
 
The actual CaO levels by XRF (Fig. 2.6) show a gradual drop with increasing 
temperature beginning at about 1800ºC.  The calculated total CaO based on the 
original XRD data shows a dramatic decrease at 1800ºC (as per the SiO2 results in 
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Fig. 2.7).  The total CaO based on the corrected XRD data show a much better 
agreement with the XRF results.  The good agreement now between the two 
results implies that it was only the periclase data that were erroneously measured, 
because if there were large errors in the minor phase abundances as well, then 
correcting the periclase data would not have corrected the CaO data so well.  This 
is understandable considering that the Rietveld refinement analysis that computes 
the mineralogical abundances from XRD data is highly dominated by periclase 
(MgO), which accounts for over 97% of the XRD powder pattern.  Any 
systematic error in the way that the periclase abundance is calculated will directly 
affect the calculated abundances of the minor phases.  Such an error, of course, 
has been identified as the peak intensity anomaly in the main periclase peak.   
 
To prove this point, Fig. 2.7 shows the results for SiO2.  Again, the large 
discrepancy between the two sets of results beginning at 1800ºC can be seen.  The 
total SiO2 based on the corrected XRD data show excellent agreement with the 
XRF results and confirm that the relative abundances for the minor phases were 
calculated accurately. 
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Fig. 2.7 Similar to Fig. 2.4, but showing the new SiO2 values (by XRD) 
that were re-calculated based on the corrected MgO data. 
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2.11.2   Periclase peak height ratio 
 
A potential cause of error in the quantitative XRD analysis was the observed 
increase in relative intensity of the main periclase [002] peak 36  compared to the 
other peaks with increasing temperature beyond 1800°C.  It was later revealed 37  
that there were two crystallographically-similar peaks, the [002] and [004] peaks, 
that were increasing in relative intensity.  It was suggested 38  that this may be due 
to anisotropic crystal growth of the periclase. 
 
Further investigation of the 1800-2200°C samples led to the consideration of the 
periclase peak height and how it changes with temperature.  The XRD powder 
diffraction patterns for the samples in this study were examined in order to 
measure the maximum counts obtained for the main periclase peak.  As it was the 
[002] and the [004] peaks for periclase that increased in intensity with increasing 
deadburning temperature, these peak intensities were normalised against a 
reference peak which showed no change in relative peak intensity.  The [022] 
peak was selected (62.3°2θ) as its relative intensity did not change with 
deadburning temperature.  Therefore, by comparing the peak height of a peak that 
did change intensity with temperature with one that didn’t, it was possible to 
obtain a measure of the relative peak anisotropy with respect to temperature.  An 
XRD plotting software program (XPLOT for Windows) 39  was used to measure 
the peak intensities of the two periclase peaks (Table 2.1). 
 
Figure 2.8 shows the change in peak height ratio with respect to temperature, also 
the change in periclase content with respect to temperature, as determined by the 
Rietveld method.  It can be seen that there is excellent agreement between the two 
plots, further stressing how dependent the calculated periclase abundance is on the 
intensity of the main periclase peak.  Any mis-fitting of the data when conducting 
a Rietveld refinement of the data will lead to errors in the periclase results.  As it 
comprises over 96% of the sample, the erroneous periclase abundance will 
significantly affect the calculated abundances of the minor phases.  It can also be 
seen that the apparent abrupt increase in periclase abundance between 1800-
2200°C is mirrored in the peak height ratio data. 
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Table 2.1. Peak intensity ratios for the [002] and [022] peaks for periclase. 
 
Temp. 
(°C) 
Time 
(min) 
[002] peak
(counts) 
[022] peak
(counts) 
Ratio 
[002]/[022]
1400 10 122570 57600 2.13 
1400 30 71129 31755 2.24 
1400 60 111489 48356 2.31 
1400 180 114582 52670 2.18 
1400 300 68696 30241 2.27 
1600 10 107715 45199 2.38 
1600 30 117169 49684 2.36 
1600 60 109032 51393 2.12 
1600 180 105755 42066 2.51 
1600 300 110423 45412 2.43 
1800 10 95728 23165 4.13 
1800 30 157292 39521 3.98 
1800 60 149228 42890 3.48 
1800 180 167772 38064 4.41 
1800 300 164187 30695 5.35 
2000 10 222878 35759 6.23 
2000 30 108307 28561 3.79 
2000 60 126665 28224 4.49 
2000 180 116281 22560 5.15 
2000 300 208758 49729 4.20 
2200 10 123904 26276 4.72 
2200 30 224108 44479 5.04 
2200 60 177578 48708 3.65 
2200 180 169085 32942 5.13 
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Fig. 2.8 A simultaneous plot of the XRD peak height ratio for the [002] 
peak (●, left axis) and periclase content (○, right axis) with respect 
to deadburning temperature. 
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The large anisotropy exhibited by high-temperature deadburned magnesia was 
completely eliminated by ultra-fine grinding, or micronising, in which a coarsely-
ground powder is ground in a liquid medium (in this case ethanol) in a plastic 
container packed with agate rods.  The resulting powder has an average particle 
size of 1 μm, compared to the zirconia-mill ground powder of between 80 – 120 
μm which is normally used to prepare XRD samples.  The effect of micronising 
deadburned MgO on the XRD pattern is shown in Fig. 2.9. 
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Fig. 2.9 Effect of grinding on the relative XRD peak intensities for 
periclase.  The main [002] periclase peak at 42.9°2θ in the coarse-
ground sample shows anomalously high peak height compared to 
the [022] peak at 62.3°2θ.  The arrowed line to the right of each 
peak denotes the theoretical relative peak intensity for that peak. 
 
 
The fact that the excessive peak height exhibited by the coarser powder could be 
eliminated by simply micronising indicates very strongly that the effect is 
particle-shape-dependent.  Figure 2.10 shows a possible morphology for periclase 
crystals. 
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Fig. 2.10 A possible external morphology for periclase 
(tetrakaidecahedron).40  Square face is the <001> plane, whereas 
the hexagonal face is the <110> plane. 
 
 
If the square plane (<001>; Fig. 2.10) grows at a faster rate than the hexagonal 
(<110>; Fig. 2.10), then the hexagonal face will be the one dominating the surface 
of the crystal.  Conversely, if the hexagonal face grows at a faster rate then the 
square face will be dominant in the resulting crystal.  It is suggested that this 
anisotropy, evident only when samples are rather coarsely ground and the particle 
size is very close to the actual grain size, may be the cause of the peak intensity 
anomaly. 
 
Work conducted by Robertson 41  indicated that the crystallographic <001> plane 
of MgO exhibited a large anisotropy of surface free energy compared to the 
<110> plane.  The work indicated that the diffusion mechanism between the 
temperatures 1200 – 1500°C was surface diffusion dependent, and that beyond 
1600°C this mechanism was suppressed, possibly by the presence of impurities. 
 
Narrowing (and hence a proportional increase in height) of X-ray line peaks has 
been found for MgO formed from the low-temperature calcination of Mg(OH)2.42  
The resulting anisotropic MgO crystals tended to exhibit crystal morphologies 
similar to the parent Mg(OH)2 and produced coherent scattering of X-rays, an 
effect similar to the one observed in this work. 
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MgO grown on silicon and gallium arsenide is reported to result in the growth of 
only <001> oriented films.43  Preferred orientation in MgO has been observed 44  
when a calcined MgO has been pressed and sintered at temperatures above about 
1450°C.  Interestingly, the preferred orientation only eventuates upon sintering of 
the pressed sample – no evidence of preferred orientation is evident in the green 
body.  Such preferred orientation would certainly lead to coherent scattering of 
the incident X-rays by the dominant crystallographic plane, resulting in the 
observed intensity anomaly. 
 
An alternative hypothesis that could also explain the intensity anomaly is that the 
suspected anisotropic crystal growth may be an artefact of coarse grinding of the 
magnesia briquettes.  Studies have shown 45  that the MgO crystal cleaves more 
easily in the <001> plane due to the low cohesive energy of these planes.  This 
may cause a differentiation in the relative proportion of the crystallite 
morphologies, causing the observed peak intensity anomaly.  However, it is 
usually expected that a reduction in overall crystal size (by fracture, grinding, etc) 
leads to peak broadening (short, broad XRD peaks), not tall and sharp peaks. To-
date there is no proof that preferential cleavage is the cause of such an effect, but 
it is considered to be a possible source of the anomalous results. 
 
 
2.12 Discussion 
 
It was found that the quantification of the mineralogical phases by the Rietveld 
method required correction probably due to anisotropic crystal growth of the 
<001> plane of the MgO lattice.  This effect became noticeable for the 1800 – 
2200°C samples and caused an initial over-estimation of the periclase levels – and 
an under-estimation of the levels of the impurity phases found in these samples.  
Even though the abundance of the minor phases for samples exposed to soak 
temperatures in this range are underestimated, subsequent correction was found to 
not alter any of the general trends observed.  Consequently, the results reported 
for the quantitative XRD method were not corrected. 
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3. MAGNESITE CHARACTERISATION 
 
 
3.1 Impurities in Magnesite 
 
It is widely known 29,46  that the source of the magnesite considerably affects the 
final properties of refractory-grade MgO prepared.  Crystalline type – whether 
cryptocrystalline or coursely crystalline – and the amounts and types of impurities 
will determine the types of phases formed at high temperature.   
 
The distribution of impurities within the main magnesite matrix is important in 
determining the overall – or bulk – composition of the resultant magnesia.  
Ardizzone, Bianchi and Vercelli 47  showed that magnesia powders prepared from 
different precursor salts and calcined at different temperatures between 600 – 
980°C tended to exhibit structural and morphological features strongly dependent 
on the structure of the starting salt.  The authors concluded that the final 
morphological features were the result of a balance between starting material 
morphology and calcination temperature.  Guilliatt and Brett 48  investigated MgO 
produced from the low-temperature (350°C) decomposition of Mg(OH)2 and 
found a relationship existed between the crystal orientation of the product and 
precursor. 
 
In light of these findings, initial research was focused on the physical and 
chemical properties of the magnesite nodules. 
 
Twelve magnesite-rich samples from the Kunwarara region, representing a wide 
range of chemical and physical morphologies, were analysed by  X-ray diffraction 
(XRD), X-ray fluorescence (XRF), scanning electron microscopy (SEM) and 
electron probe microanalysis (EPMA) to determine their mineralogical and 
elemental content and any broad features pertaining to the location of major 
mineralogical phases or impurities. 
 
Isolated inclusions on the surface or “skin” of a magnesite nodule stand a greater 
chance of removal due to the abrasion processes that occur as part of a minesite 
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beneficiation operation (Fig. 1.6).  In this, an initial washing step (i.e. log 
washers) is designed to remove most of the adhering soil and other matter from 
the nodules.  An even distribution of finely divided impurities throughout the 
nodules will make them much harder to remove and, hence, it is more likely they 
will be incorporated into the final product.  The aim of the examination was to 
obtain profiles of nodules from a natural cryptocrystalline magnesite deposit in 
terms of the types of impurities and their distribution.  This information is relevant 
to the distribution of impurities within deadburned magnesia. 
 
The samples were predominantly magnesite, except for two which were mainly 
dolomite ((Ca,Mg)CO3) and sepiolite, a hydrated magnesium silicate 
(Mg4Si6O15(OH)2·H2O), respectively (Table 3.1).  The sepiolite-rich samples were 
selected for further analysis because of their unusual characteristics, even though 
they don’t represent a substantial proportion of the deposit. 
 
 
3.2 Sample Details 
 
The samples were supplied as discrete nodules.  Figure 3.1 is a schematic 
representation showing how the various sub-samples were produced.  A cross-
sectional slice, approximately 8 mm thick, was cut from the centre of each nodule.  
A 12 mm-wide slice was then cut out of the centre of this slice.  The resulting 
rectangular section was cut so that two square sections, one each from the centre 
and skin, were produced.  Each of these was then cut in half to produce a sample 
for XRD/XRF analysis that was as close as possible in location to the piece that 
would be mounted for SEM/EPMA analyses.  One sample (centre and skin) was 
mounted in resin for SEM and EPMA analyses, and the second centre sample was 
analysed for density and then crushed for XRF and XRD analyses.   
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Table 3.1 Description of samples subjected to analysis. 
 
Sample General comments 
1 Relatively pure magnesite with traces of quartz.  High silica zones within centre and 
skin samples. 
2 Magnesite with a high amorphous silica content. 
3 Relatively pure magnesite containing very little silica.  High density. 
4 Relatively pure magnesite containing low silica but elevated calcium levels. 
5 Magnesite with very low impurity levels. 
6 Porous magnesite containing abundant clay and silica grains embedded throughout. 
7 Quartz- and clay-rich dolomite sample.  Low density. 
8 Magnesite with very low impurity levels.  The highest density of the suite. 
9 Magnesite with very low silica but high lime levels. 
10 Relatively pure porous magnesite. 
11 Sepiolite-rich magnesite. 
12 Opaline centre of the nodule is sepiolite and opaline silica.  Friable skin of the nodule 
is mainly porous sepiolite with quartz inclusions. 
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Fig. 3.1 Schematic diagram showing the relationship between sub-samples and 
the original nodule. 
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3.3 Density 
 
The density of the first ten of the centre samples was determined by the method in 
Part 5 of AS 1774.5 – 1979.49  Densities of samples 11 and 12 were not 
determined because of sample size constraints.  The results are combined with the 
XRF results in Table 3.2.  Generally, all the nodular magnesite-rich samples had 
densities in the range 2.87 – 2.96 g.cm-3, with the dolomite-rich sample 7 having a 
lower density of 2.74 g.cm-3.  Even the porous sample 6 has a bulk density of 2.92 
g.cm-2, suggesting that there was good uniformity with respect to density and that 
differences between the samples were likely to be mainly chemical in nature. 
 
 
3.4 XRF 
 
The centre samples, after analysis for density, were ground in a zirconia ring mill.  
The resulting powders were analysed by XRF (Table 3.2).  The skin samples were 
not analysed due to the high variability of impurities in the outer zone of the 
nodules attributable to adhering soil, clay and other contaminants.  Unlike the 
good uniformity of densities within the samples, there were some marked 
chemical differences within the suite of samples.  Across the nodular, magnesite-
rich samples (samples 1-6 and 8-10), the calcium and silicon contents were found 
to vary significantly.  Although some centre samples were almost silica-free 
(samples 3-5, 8 and 9 having SiO2 concentrations ≤ 0.05%), the lower limit for 
CaO appeared to be around 0.5 – 0.7%.  This suggests a base level of calcium 
distributed within the magnesite matrix. 
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Table 3.2. XRF and density results of the centre samples of each nodule. 
 
 
Sample 
MgO† 
(%) 
CaO 
(%) 
SiO2 
(%) 
Al2O3 
(%) 
MnO 
(%) 
Fe2O3 
(%) 
Density 
(g.cm-3) 
1 47.03 0.59 0.96 0 0.01 0.03 2.95 
2 46.10 0.70 2.46 0.02 0.03 0.04 2.88 
3 47.39 0.68 0.05 0 0.01 0.01 2.95 
4 47.33 0.82 0.02 0 0.02 0.03 2.91 
5 47.71 0.45 0.02 0.01 0.02 0.02 2.90 
6 46.35 0.87 1.66 0.13 0.05 0.05 2.92 
7 24.83 12.67 21.88 1.77 0.05 0.83 2.74 
8 47.61 0.52 0.01 0 0.02 0.02 2.96 
9 46.88 1.06 0.03 0 0.01 0.02 2.93 
10 46.60 0.89 0.33 0.09 0.02 0.04 2.87 
11 43.17 0.89 8.51 0.01 0.01 0.02 n.d.‡ 
12* 
(centre) 
12.49 0 71.62 0.56 0.02 0.47 n.d. 
12* 
(skin) 
17.44 0.02 53.25 2.33 0.02 1.41 n.d. 
† Pure MgCO3 contains 47.81% MgO by XRF 
‡ n.d. = not determined 
* Sample 12 was dissected into (a) centre (opaline) and (b) skin (friable) sub- 
    samples. 
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3.5 XRD 
 
The phases identified by XRD are shown in Table 3.3.  
  
Table 3.3 Summary of the phases identified by XRD analysis. 
Sample Mineralogical phases 
1 Major magnesite, trace quartz, dolomite and calcite.  Small amorphous hump between 
15-30º2θ (denotes non-crystalline phase(s)). 
2 Major magnesite, minor dolomite and trace calcite. 
3 Major magnesite, trace calcite. 
4 Major magnesite, trace calcite and dolomite.  Large amorphous hump between 15-30º2θ. 
5 Major magnesite, trace calcite and dolomite. 
6 Major magnesite, minor quartz, trace dolomite and calcite. 
7 Major dolomite, magnesite and quartz.  Minor amounts of indeterminate crystalline 
phase(s), but likely to be clays due to the high Al and Fe content. 
8 Major magnesite, trace calcite and dolomite.  (similar to sample 5) 
9 Major magnesite, minor dolomite and trace calcite.  (similar to sample 1) 
10 Major magnesite, trace quartz and calcite. 
11 Major magnesite, minor sepiolite, trace calcite.  Colour almost certainly due to sepiolite.  
Amorphous hump likely to be due to amorphous silica (opaline?). 
12 
(centre) 
Major sepiolite and trace quartz.  Significant amount of opaline silica (amorphous hump 
between 15-30º2θ. 
12 
(skin) 
Major sepiolite and minor quartz.  Little or no opaline silica (no amorphous hump). 
 
 
 
3.6 EPMA 
 
The elements analysed were:  Mg, Ca, Si, Al, Mn and Fe.  Although the absolute 
values for the various elemental concentrations are not comparable from image 
maps, the latter are very useful in highlighting immediate spatial differences 
between the samples in properties such as silica levels, porosity and clay content.  
Qualitative maps of both centre and skin sub-samples, were prepared.  Only maps 
of the elements Ca, Si and Al are shown, as almost all of the other elements do not 
show any distinct spatial distribution and because these three elements comprise 
the most abundant impurities. 
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3.6.1 Quantitative point analysis 
 
Samples from the centre of the nodules (Fig. 3.1) were analysed by EPMA to 
determine the purity of the magnesite matrix (for magnesite-rich samples).  The 
following elements were analysed: Mg, Ca, Si, Mn, Fe and Al.  The centre 
samples were chosen so that the magnesite matrices could be analysed and 
directly compared, free from the effect of more abundant impurities near the skin 
of the nodules.  Between 13-15 different analyses were conducted on the cleanest 
magnesite matrix that could be found.  Some samples were difficult to analyse 
because of porosity or high silicate abundances, making it difficult to direct the 
electron beam onto clean magnesite.  The averaged results are shown in Table 3.4.   
 
These show that the amount of silicon found within the magnesite matrix can vary 
from as low as 0.003% to as high as 0.22%, similar to the results of Table 3.2 
which showed total SiO2 concentrations varying widely within a sample from the 
centre of a nodule.  As per the results of Table 3.2, the calcium concentration 
within the magnesite matrix remained relatively uniform, varying from 
approximately 0.4 – 0.8%, with most samples within the range 0.6 – 0.8%.  The 
aluminium concentration was found to be very low and fairly uniform throughout 
the samples.  Iron and manganese concentrations, although similarly low, varied 
widely between the samples. 
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Table 3.4 Composition of the magnesite matrix (averaged EPMA results, 
wt%). 
 
Sample1 Fe Mg2 Si Al Ca Mn 
1 0.007 29.049 0.006 0.002 0.625 0.012 
2 0.004 29.754 0.022 0.006 0.729 0.053 
3 0.004 29.858 0.004 0.002 0.712 0.019 
4 0.018 28.524 0.005 0.004 0.583 0.030 
5 0.003 28.506 0.005 0.003 0.399 0.014 
6 0.020 27.840 0.009 0.005 0.610 0.054 
7 0.029 12.852 0.010 0.004 21.909 0.044 
8 0.015 28.353 0.005 0.004 0.508 0.021 
9 0.004 28.062 0.003 0.003 0.764 0.011 
10 0.012 27.698 0.012 0.005 0.769 0.024 
11 0.008 26.665 0.024 0.004 0.649 0.017 
Notes: 
1.  Sample 12 (high sepiolite) was not analysed. 
2.  Pure MgCO3 contains 28.83% Mg, 56.92% O and 14.24% C. 
 
 
3.6.2 Qualitative elemental EPMA maps 
 
The impurity distribution within each nodule is conveniently shown on qualitative 
EPMA maps of each skin and centre sample, shown below, along with relevant 
comments for each sample.  The centre sub-sample is considered first, as it 
contributes most to the overall chemical composition of the nodule, being 
representative of a greater proportion of the nodule volume. 
 
 
Sample 1 (centre) 
 
Unless otherwise stated, the following colour scheme is used for all samples.  As 
the main impurities are calcium and silicon, with occurrences of aluminium 
(usually in the form of clay), these three elemental abundances are depicted in a 
map like Fig. 3.2.  The colour selected for each element is blue = calcium, green = 
silicon and red = aluminium.  The intensity of each colour denotes the relative 
abundance of the element within that sample.  For example, bright blue means a 
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high calcium count, whereas black denotes a low count.  The resin used to mount 
the sample will therefore appear black due to the low abundance of the elements 
of interest. 
 
 
     
 
Fig. 3.2 EPMA elemental map showing the abundance of calcium (blue), 
silicon (green) and aluminium (red)  The section is 10.8 × 5.4 mm. 
 
 
 
The presence of two or more of these elements will produce intermediate colours, 
eg. Al (red) + Si (green) = yellow; Al (red) + Ca (blue) = purple.  The significance 
of these intermediate colours will be discussed where appropriate. 
 
In Fig. 3.2, the uniform blue colour indicates that calcium is distributed uniformly 
throughout the mapped area (in this case 10800 × 5400 μm).  The lighter-coloured 
inclusions are higher in silicon. 
 
Use was made of the line profiling capability of the Chimage® 33  software to 
investigate the elemental distribution across a sample.  Figure 3.3 shows an area 
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selected for line profiling.  The elemental abundance within the selected area is 
averaged in the horizontal direction and plotted against vertical distance.  In this 
way, a plot of the width-averaged line profile is obtained (Fig. 3.4) highlighting 
any trends in the spatial distribution of elements. 
 
 
 
Line Profile
 
 
Fig. 3.3 Schematic representation of the selected area for a width-averaged 
line profile. 
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Fig. 3.4 Line profile results for the centre section of sample 1 (selection as 
shown in Fig. 3.3).  The relative concentration for each element 
(expressed as counts on the vertical axis) varies as the distance 
from the top (start) of the line profile increases (expressed as 
microns on the horizontal axis). 
 
 
 
Figure 3.4 shows the averaged distribution of calcium in a 9423.15 μm – long 
band (that is approximately 1000 μm wide) as a concentration versus distance 
plot.  The concentration of calcium is fairly constant, although it does appear that 
the levels are slightly elevated towards the edges.  The distribution of silicon 
(green) and aluminium (red) is uniform within the magnesite matrix (flat baseline) 
but intense spikes in both plots show areas of higher silicon and aluminium 
content, especially near the bottom of the sample.  A lack of co-incidence between 
the intensity spikes for Si and Al means that the elements are not present as 
aluminosilicates. 
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Sample 1 (skin) 
 
The skin sample (Fig. 3.5) also shows an almost uniform distribution of calcium, 
although close inspection shows a gradual decrease in concentration with 
increasing distance from the skin (blue getting darker).  This is more easily shown 
by considering the results of a line profile from top (skin) to bottom of the sample 
(Fig. 3.6). 
 
 
   
 
Fig. 3.5 Skin section of sample 1 showing brighter blue at the top (skin) of 
the nodule indicating higher calcium content. 
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Fig. 3.6 Line profile results for the skin section of sample 1 showing 
decreasing calcium concentration with increasing distance from the 
skin. 
 
A line profile (Fig. 3.6), similar to that of the centre sample, shows that the level 
of calcium (blue) gradually decreases with distance from the skin of the nodule.  
The levels of silicon (green) and aluminium (red) do not change appreciably with 
distance, except for occurrences of Si- and Al-rich inclusions.  The two sharp 
intensity spikes for Al coincide with those of Si, denoting a form of 
aluminosilicate. 
 
Sample 2 (centre) 
 
The  composite Ca/Si/Al image, Fig. 3.7, shows a centre sample that happened to 
be along an internal crack edge (arrowed).  Consequently, the level of impurities 
is higher at the crack boundary.  Also, high levels of silicon are found at the lower 
left edge of the image.  A line profile stretching from the top right (A) to the lower 
left (B) yields the following trends (Fig. 3.8): a gradual drop in the Ca level and a 
subsequent increase in the Si level as the line profile traverses the high-Si zone.  
The background level of Al is constant, except for instances of aluminosilicate 
inclusion. 
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Fig. 3.7 Centre section of sample 2 showing the pore surface (arrowed) and 
the line profile direction (from A to B). 
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Fig. 3.8 Line profile results for the centre section of sample 2 showing 
decreasing calcium concentration with increasing distance from A 
to B (from Fig. 3.7). 
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Sample 2 (skin) 
 
The Ca/Si/Al composite image (Fig. 3.9) shows Si- and Al-rich skin, as well as a 
zone of high silicon near the lower left of the image, associated with an internal 
crack.  A line profile from the top (just below the outer crust) to the bottom of the 
image shows a gradual decrease in the level of all three impurities with distance 
from the skin (Fig. 3.10), as well as a high correlation between Si and Al 
intensities, indicating aluminosilicate inclusions. 
 
 
   
 
Fig. 3.9 Skin section of sample 2. 
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Fig. 3.10 A vertical line profile from Fig. 3.9. 
 
 
The EPMA maps of the skin and centre sections for samples 3 – 5 and samples 8 
– 10 appear to show trends generally similar to samples 1 and 2 and are therefore 
not discussed further.  Sample 11 was not a solid sample so no EPMA analysis 
was conducted.  The remaining samples 6, 7 and 12 contained interesting features 
and are described below. 
 
 
Sample 6 (centre) 
 
The composite Ca/Si/Al image (Fig. 3.11) shows extensive micro and macro 
porosity.  There are abundant silica (green) and clay (orange) inclusions 
distributed throughout the sample.  Due to the very great inhomogeneity of the 
sample, the line profile (Fig. 3.12) is difficult to interpret, apart from co-incident 
Si/Al peaks (clay). 
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Fig. 3.11 Ca/Si/Al composite map of the centre section of sample 6 showing 
extensive porosity (black regions). 
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Fig. 3.12 The line profile for the centre section of sample 6. 
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Sample 6 (skin) 
Like the centre sample (Fig. 3.11), the composite Ca/Si/Al image (Fig. 3.13) 
shows extensive porosity and inclusions and larger regions of high Si and Al 
concentration.  The calcium level decreases with increasing distance from the 
skin.  The line profile (Fig. 3.14) shows most of the Al and Si is coincident, 
indicating high clay content. 
 
 
 
   
 
Fig. 3.13 Ca/Si/Al composite map of the skin section of sample 6. 
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Fig. 3.14 The line profile for the skin section of sample 6. 
 
 
 
Sample 7 (centre) 
 
The composite Ca/Si/Al image (Fig. 3.15a) shows extensive silica (green) and 
clay (orange) inclusions distributed throughout the predominantly dolomite 
sample.  To better view the distribution of elements in this particular sample, a 
Ca/Si/Mg composite image is also shown Fig. 3.15b).  For this new composite 
image, magnesium levels (instead of aluminium) are shown as a variation in red 
intensity.  It can be seen that a high-calcium dolomite (purple) is the dominant 
phase, with areas of higher magnesium content (red) at the lower regions of the 
sample.  A line profile on a vertical slice of the composite image Fig. 3.15b 
(shown as Fig. 3.16) shows that it is really only the calcium content (blue) that is 
reducing from top to bottom, and that the overall magnesium level (red) is fairly 
constant. 
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          (a)                                               (b)   
 
Fig. 3.15 (a) Ca/Si/Al composite image of the centre section of sample 7, 
and (b) Ca/Si/Mg composite image better highlighting the 
distribution of calcium and magnesium. 
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Fig. 3.16 Line profile for the centre section of sample 7. 
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Sample 7 (skin) 
 
The Ca/Si/Al composite image (Fig. 3.17a) is very similar to the centre sample 
(Fig. 3.15a), except for the greater degree of porosity in the skin sample.  As 
before, there are abundant inclusions of silica (green) and clay (orange).  
Curiously, the outer crust of the sample shows the inclusions embedded in a 
calcium-free matrix.  This turns out to be pure magnesite (red), as is shown in a 
Ca/Si/Mg composite image, Fig. 3.17b, where magnesium levels are shown in red. 
 
The Ca/Si/Mg composite image (Fig. 3.17b) also shows that the extensive porous 
band through the middle of the sample is associated with lower calcium levels 
(reddish-purple).  No line profile is shown for this sample due to the difficulty in 
identifying trends in such a heterogeneous (or “noisy”) sample. 
 
 
                         
                  (a)                                          (b)   
Fig. 3.17 (a) Ca/Si/Al composite image of the skin section of sample 7, and 
(b) Ca/Si/Mg composite image better highlighting the distribution 
of calcium and magnesium. 
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Sample 12 (cross-sectional slice from a complete nodule) 
 
The composite Ca/Si/Al image, Fig. 3.18a, shows the upper opaline region 
contains much higher silicon than the lower region.  The calcium level is very 
low, so a Mg/Si/Al composite image was selected (Fig. 3.18b), where the blue 
colour denotes magnesium concentration.   
 
 
           (a)            (b)   
 
 
Fig. 3.18 (a) Ca/Si/Al composite image of sample 12, and (b) Mg/Si/Al 
composite image better highlighting the distribution of magnesium 
and silicon. 
 
 
It can be seen from the Mg/Si/Al composite image (Fig. 3.18b), that there is less 
magnesium in the upper high-silicon region than there is in the lower region.  Pure 
silica (bright green) surrounds the internal pores.  High Mg concentration (blue) 
occurs in the friable skin area at lower right, with increasing Al concentration 
(purple/red) signifying increasing clay content at lower left. 
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A vertical line profile from top to bottom (Fig. 3.19) shows silica levels (green) 
significantly reduce from the top to lower layer, whereas magnesium (blue) and 
aluminium (red) markedly increase. 
 
Mg
Si
Al
 
 
Fig. 3.19 Line profile of a vertical slice through the Mg/Si/Al composite 
image (Fig. 3.18b). 
 
 
3.7 Discussion 
 
Twelve randomly selected samples from the Kunwarara region, comprising 11 
nodules and one powder, varying in physical and chemical appearance were 
analysed by a variety of physical and chemical analyses.  The nodular samples 
had bulk densities in the range 2.74 – 2.96 g.cm-3.  Of the major impurities in the 
magnesite-rich nodules (excluding sample 7 which was dolomite-rich and sample 
12 which was sepiolite-rich), calcium concentrations (expressed as wt% CaO) 
varied between 0.4 – 1.06 wt% at the centre of the nodules.  Silicon (expressed as 
wt% SiO2) varied more widely, between 0.01 – 2.46 wt%.  The only other 
significant impurity found was aluminium, usually present as a clay 
(aluminosilicate). 
 59
 The morphological variety of magnesite-rich ores is quite extensive when viewed 
in terms of porosity, density and impurity content.  However, certain features 
stand out.  Firstly, of the purer magnesite samples (samples 1, 3, 5 and 8), the 
concentration of calcium (the most abundant impurity) at the skin of the nodule is 
greatest, dropping off to a more uniform concentration with increasing distance 
from the skin (as shown in Fig. 3.6).  A plateau in Ca concentration is typically 
found within 8 mm of the nodule surface.  The centre sections of these samples, 
however, show quite uniform distribution of impurities (Fig. 3.4).  This effect 
(decreasing calcium concentration) is much more pronounced in the less pure 
samples. 
 
In any beneficiation process, an eventual compromise must be made between the 
cost of removing sub-standard feedstock and the loss of final-product quality due 
to the presence of a small proportion of sub-standard feedstock. 
 
It is not practical to attempt to remove all impurities from the magnesite 
feedstock.  Indeed, the eventual liquid-phase sintering due to the calcium silicate 
phases formed during deadburning at 2200°C is critical to the subsequent grain 
growth and densification of the magnesia. 
 
In fact, previous work 19 showed that in magnesites of low silica content (< 2 
wt%), a CaO/SiO2 ratio of greater than 1.87 is required in the refractory MgO to 
allow the formation of stable high-temperature silicates such as dicalcium silicate, 
and allow them to remain solid to at least 1800°C in prepared refractories. 
 
The downstream processing of magnesite into deadburned magnesia requires the 
calcined magnesia be crushed, blended and briquetted prior to deadburning.  This 
has the effect of homogenising the overall mixture, even when there is a small 
proportion of very inhomogeneous material such as the clay-rich sample 6 or the 
dolomite-, clay- and silica-rich sample 7.  Such blending is an essential part of the 
refractory production process. 
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This chapter has focused on the identification and typical distribution of impurity 
phases found within a variety of magnesite-rich nodules.  Although it is of limited 
value to correlate final deadburned quality with impurity distribution in selected 
individual nodules, it is, nevertheless, important to study the distribution patterns 
of the major impurities so that a more comprehensive picture of subsequent 
impurity migration can be developed. 
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4. VARIATION OF CALCIUM SILICATE FORMATION 
WITH TIME AND TEMPERATURE 
 
4.1 Background 
 
The industrial process for producing deadburned MgO requires the use of a gas-
fired furnace operated at temperatures in the vicinity of 2000°C.  Often, a vertical 
shaft kiln is used, where the shaft is packed with a descending bed of MgO 
briquettes.  It is not possible to measure the temperature (“soak temperature”) in 
the hot-zone of the kiln because of the packed bed, therefore an estimate of the 
temperature is made indirectly by measuring the gas and air consumption of the 
kiln under normal operating conditions.  As well, the residence time (“soak time”) 
of material in the furnace or kiln may be varied.  This results in two major process 
variables that may have an influence on the final quality of the deadburned MgO. 
 
Obviously, in an industrial process, there will be other variables that may affect 
the quality of deadburned MgO, not least of which is the inherent heterogeneity of 
the feed material to the furnace.  This varies naturally due to the variability of the 
incoming product stream (as shown in Chapter 3), but also “unnaturally” due to 
operator-dependant decisions to blend various stockpiled material.  A study was 
conducted to ascertain the effect on final deadburned quality of varying just the 
soak temperature and soak time, using one type of calcined feed material (denoted 
“Grade A”).  The aim of this work was to determine (i) what effect soak 
temperature and time had on the physical properties of the MgO (namely BSG 
and PCS), (ii) bulk chemical and mineralogical differences that may result from 
changes to these operational parameters. 
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4.2 Method 
 
Commercial calcined magnesia briquettes were placed on supporting magnesia 
pads made from pressed fines of the same material.  This was designed to reduce 
impurity transfer from the furnace lining (refractory MgO) to the sample. 
The calcined magnesia was analysed to determine both mineralogical (XRD) and 
chemical content (XRF).  The mineralogical results are shown in Table 4.1, and 
the bulk chemical compositions are shown in Table 4.2. 
 
Table 4.1 Bulk mineralogical phase composition of the Grade A material. 
Composition (wt%) 
Periclase 
MgO 
Lime 
CaO 
Portlandite 
Ca (OH)2
Forsterite 
Mg2SiO4
 
Amorphous 
86.7 0.3 0.3 0.1 12.6 
 
 
 
Table 4.2 Bulk chemical composition of the Grade A material. 
Composition (wt%) 
MgO SiO2 Al2O3 CaO Fe2O3 MnO LOF* 
93.58 0.76 0.065 2.31 0.045 0.096 3.17 
   *Loss-on-fusion (wt%) 
 
 
The experimental conditions of the study were as follows: 
 
Soak Temperature: 1400, 1600, 1800, 2000 and 2200°C 
Soak Time:  10, 30, 60, 180 and 300 minutes 
 
The only experiment that could not be achieved was the 2200ºC soak for 300 
minutes, due to the excessive thermal load that would have been placed on the 
furnace backup refractory.  Consequently, the maximum soak time at 2200ºC was 
180 minutes. 
 
 63
The briquettes were deadburned in a Electrofuel high-temperature gas-fired 
furnace.  The samples were placed at the level of the furnace optical pyrometer by 
stacking furnace bricks under the pads.  This was to ensure that the soak 
temperature of the samples was as close as possible to that registered by the 
pyrometer. 
 
The temperature ramp rate was held constant for each furnace run, and therefore 
the only variable was the time at soak temperature.  Figure 4.1 shows typical 
furnace temperature profiles for the 180-minute soak time runs. 
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Fig. 4.1 Typical furnace temperature profiles for the 180-min soak time 
series. 
 
 
The particular characteristics of the Electrofuel furnace do not allow quenching or 
even rapid cooling from high temperatures.  Rapidly quenched samples will show 
observed phase assemblages that represent those present at temperature.  In the 
work reported in this thesis, cooling was considerably slower, and approximately 
10 hours were required to cool from 2200°C to 500°C.  This cooling rate is 
considered long enough to more-closely approximate equilibrium cooling, 
compared to quenching and, hence, “freezing” the high-temperature phases.  
Consequently, the mineralogical phase compositions reported here are for a 
material that has undergone a cooling process, during which a number of phase 
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changes may have taken place from the phase assemblages present at the soak 
temperature.  For simplicity in the discussion, experiments are referred to by their 
soak temperature.  As a comparison, briquetted magnesia being deadburned in a 
vertical shaft kiln is typically cooled from about 2200°C to 200°C in about 3-4 
hours. 
 
After deadburning, the briquettes were fractured into +2 mm/-6.3 mm particles.  
The fines (-2 mm) generated from the fracturing process were collected and used 
for major oxide analysis (XRF) and mineralogical phase analysis (XRD).  The 
fine fraction from the fracturing process generated a representative sample from 
the briquette.  The coarse fraction was used for bulk specific gravity (BSG) and 
periclase crystal size (PCS). 
 
The XRD data was collected scanning from 15-150° 2θ with a step width of 
0.025° 2θ and a sampling time of 10 sec/step for the caustic calcined feed 
material.  For the deadburned samples, the data was collected scanning from 5-
140° 2θ with a step width of 0.025° 2θ and a sampling time of 5 sec/step.  
Calcium fluoride, CaF2, was added as an internal standard (20 wt%) to the caustic 
calcined feed materials as a means of determining the amount of amorphous (or 
non-crystalline) material present. 
 
Quantitative phase analysis using the Rietveld method was conducted using the 
QUASAR™ Version 1.0 31  software program for the calcined feed materials, and 
using the SR5 program 32  for the deadburned samples, both run on a Pentium™ 
PC. 
 
 
4.3 Results of BSG, PCS and XRF Studies 
 
The results of the BSG, PCS and bulk chemical analyses (by XRF) are shown in 
Table 4.3. 
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Table 4.3 The BSG, PCS and bulk chemical properties for the Grade A 
samples subjected to different soak temperatures and times. 
Temp. 
(°C) 
Time 
(min) 
BSG 
(g.cm-3)
PCS
(μm) 
MgO 
(%) 
SiO2
(%) 
A12O3
(%) 
CaO 
(%) 
Fe2O3 
(%) 
MnO
(%) 
1400 10 3.243 8.0 96.62 0.82 0.07 2.37 0.09 0.09 
1400 30 3.226 6.7 96.84 0.76 0.07 2.40 0.09 0.09 
1400 60 3.207 6.3 96.42 0.80 0.11 2.39 0.08 0.09 
1400 180 3.298 10.2 96.82 0.80 0.08 2.37 0.09 0.09 
1400 300 3.299 8.1 96.86 0.77 0.06 2.41 0.10 0.09 
1600 10 3.274 8.9 96.23 0.76 0.06 2.38 0.08 0.09 
1600 30 3.288 9.2 96.30 0.76 0.07 2.37 0.09 0.09 
1600 60 3.323 10.1 96.86 0.77 0.06 2.36 0.09 0.09 
1600 180 3.354 12.6 97.12 0.78 0.07 2.39 0.11 0.09 
1600 300 3.364 13.2 97.14 0.81 0.07 2.37 0.10 0.09 
1800 10 3.388 42.3 96.66 0.78 0.06 2.33 0.08 0.09 
1800 30 3.398 48.2 96.72 0.81 0.10 2.30 0.08 0.09 
1800 60 3.392 53.4 96.98 0.81 0.10 2.31 0.08 0.09 
1800 180 3.411 65.7 97.21 0.81 0.10 2.31 0.08 0.09 
1800 300 3.405 72.7 97.43 0.73 0.06 2.22 0.07 0.10 
2000 10 3.405 89.8 97.35 0.72 0.07 2.12 0.08 0.09 
2000 30 3.405 82.0 96.57 0.71 0.05 2.18 0.08 0.09 
2000 60 3.399 83.7 97.21 0.72 0.08 2.15 0.09 0.09 
2000 180 3.404 101.3 97.16 0.76 0.07 1.97 0.09 0.09 
2000 300 3.404 105.2 96.95 0.85 0.09 1.94 0.09 0.08 
2200 10 3.406 116.9 97.04 0.59 0.06 1.85 0.09 0.09 
2200 30 3.400 110.0 97.34 0.65 0.06 1.80 0.08 0.09 
2200 60 3.395 121.5 97.41 0.75 0.07 1.71 0.08 0.07 
2200 180 3.395 124.7 98.12 0.60 0.07 1.69 0.05 0.09 
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The results of the quantitative phase analysis of the deadburned samples are 
shown in Table 4.4. 
 
Table 4.4 Relative phase abundance for Grade A samples subjected to 
different soak temperatures and times. 
Temp. 
(°C) 
Time 
(min) 
Periclase 
(%) 
β-C2S
(%) 
Lime
(%) 
Portlandite
(%) 
γ-C2S
(%) 
C3S 
(%) 
Merwinite
(%) 
1400 10 97.01 1.66 0.42 0.10 0.11 0.31 0.40 
1400 30 96.99 1.76 0.34 0.14 0.07 0.33 0.37 
1400 60 97.06 1.69 0.35 0.12 0.09 0.37 0.33 
1400 180 97.03 1.73 0.26 0.12 0.12 0.47 0.28 
1400 300 97.17 1.77 0.17 0.10 0.04 0.52 0.22 
1600 10 97.07 1.87 0.21 0.13 0.07 0.41 0.23 
1600 30 97.13 1.84 0.20 0.12 0.09 0.45 0.18 
1600 60 97.09 1.82 0.20 0.11 0.11 0.46 0.22 
1600 180 97.24 1.83 0.10 0.11 0.06 0.49 0.18 
1600 300 97.39 1.74 0.07 0.07 0.10 0.50 0.14 
1800 10 98.18 1.48 0.10 0.00 0.00 0.12 0.23 
1800 30 98.12 1.26 0.27 0.00 0.09 0.15 0.13 
1800 60 97.92 1.51 0.22 0.04 0.07 0.13 0.12 
1800 180 98.22 1.39 0.23 0.02 0.00 0.08 0.09 
1800 300 98.98 0.84 0.12 0.00 0.00 0.01 0.12 
2000 10 99.09 0.63 0.20 0.00 0.00 0.01 0.13 
2000 30 97.99 1.55 0.31 0.00 0.00 0.03 0.22 
2000 60 98.20 1.34 0.27 0.00 0.00 0.08 0.18 
2000 180 98.56 1.05 0.25 0.00 0.00 0.02 0.22 
2000 300 98.56 1.00 0.28 0.00 0.00 0.00 0.22 
2200 10 98.49 1.03 0.27 0.00 0.00 0.04 0.29 
2200 30 98.67 0.86 0.25 0.00 0.00 0.01 0.27 
2200 60 98.31 0.97 0.25 0.04 0.00 0.00 0.50 
2200 180 98.71 0.84 0.22 0.00 0.00 0.00 0.37 
 
 
The results of the BSG analyses (Table 4.3) show the BSG rising from a 
minimum at 1400°C to reach a plateau at 1800°C (Fig. 4.2).  A small increase in 
BSG was observed with increasing soak time at 1400°C and 1600°C, but there 
was little change for all soak times between 1800-2200°C (Fig. 4.2). 
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Fig. 4.2 The variation of BSG with soak temperature and time. 
 
 
The corresponding graph for PCS (Fig. 4.3) shows the PCS barely rising between 
1400°C and 1600°C, but dramatically increasing almost linearly between 1800°C 
and 2000°C. 
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Fig. 4.3 The variation of PCS with soak temperature and time. 
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It can be seen from Figs. 4.2 and 4.3 that there are dramatic changes occurring 
between 1600°C and 1800°C, which significantly affect density and crystal 
growth. 
 
A series of graphs (Figs. 4.4 – 4.6) show the variation in dominant impurity levels 
as a function of soak time and temperature, based on the bulk chemistry analyses 
(Table 4.3). 
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Fig. 4.4 The variation of MgO with soak temperature and time. 
 
 
 
0.5
0.6
0.7
0.8
0.9
1200 1400 1600 1800 2000 2200 2400
Soak Temperature (°C)
Si
O
2 
(w
t%
)
10 mins
30 mins
60 mins
180 mns
300 mins
 
Fig. 4.5 The variation of SiO2 with soak temperature and time. 
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Fig. 4.6 The variation of CaO with soak temperature and time. 
 
 
Although Figs. 4.4 to 4.5 are a little difficult to interpret because of the scatter in 
the data, it appears that the level of MgO (Fig. 4.4) is rising with increased soak 
temperature, whereas the levels of SiO2  and CaO (Figs. 4.5 and 4.6 respectively) 
decrease with increasing temperature above 1800°C, irrespective of soak time. 
 
 
4.4 Mineralogical Analyses 
 
The variation of β-C2S with soak time and temperature for Grade A magnesia 
(Fig. 4.7) shows large decreases in concentration with increasing soak 
temperature above 1600°C, but little overall effect due to soak time.  The effect of 
soak temperature is more easily seen in Fig. 4.8, where β-C2S is plotted against 
soak temperature. 
 
It must be stated here that according to the MgO-CaO-SiO2 phase diagram (Fig. 
1.8) all SiO2 not in MgO or CaO solid solution is likely to be dissolved in the 
liquid phase present.  Therefore, all solid silicate phases found in samples heated 
to 2000°C and 2200°C must be phases precipitated on cooling and are not present 
at the soak temperature.  Although not giving an accurate account of the phase 
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assemblages present at the various soak temperatures, the trends shown here are 
relevant to the commercial production of refractory magnesia, where cooling 
more closely resembles equilibrium cooling rather than quenching. 
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Fig. 4.7 The variation of β-C2S with soak time at various soak 
temperatures. 
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Fig. 4.8 The variation of β-C2S with soak temperature at various soak 
times. 
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The temperature range where a decrease in β-C2S concentration begins is 1600 – 
1800°C.  This is also the temperature range where BSG reaches a maximum (Fig. 
4.2) and PCS begins to increase dramatically (Fig. 4.3).  The PCS is enhanced by 
the appreciable amounts of liquid present at these temperatures, enabling liquid 
phase sintering.40 
 
The merwinite (C3MS2) concentration decreases to a minimum at about 1800°C 
then increases to 2200°C (Fig. 4.9).  Soak time has no consistent effect on the 
concentration.  This unusual soak temperature effect cannot at this stage be 
explained. 
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Fig. 4.9 The variation of merwinite levels with soak temperature and time. 
 
 
Figures 4.10 – 4.12 show the variation in the levels of lime, γ-C2S and C3S 
respectively with soak temperature and time.  The concentration of free lime 
(CaO) drops to a minimum between about 1600 – 1800°C and then appears to rise 
slightly to 2200°C (Fig. 4.10).  If this is, in fact, the case, the rise in CaO 
concentration with soak temperature above 2000°C may be linked to the fact that 
there is appreciable CaO in solid solution in MgO at high temperature (up to a 
maximum of 7.8 wt% at 2370°C).50  The resultant cooling may cause significant 
precipitation of CaO to occur as there is negligible solid solution of CaO in MgO 
at room temperature. 
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Fig. 4.10 The variation of lime (CaO) levels with soak temperature and time. 
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Fig. 4.11 The variation of γ-C2S levels with soak temperature and time. 
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Fig. 4.12 The variation of C3S levels with soak temperature and time. 
 
 
During cooling, the decomposition reaction of C3S is: 
3CaO⋅SiO2 ⇄ 2CaO⋅SiO2 + CaO 
If the CaO is stabilised by dissolving in the MgO, this will further drive the 
decomposition.  If C2S is also stabilised by solid solution in MgO then the C3S 
may be rapidly consumed with increasing soak temperature (Fig. 4.12).  Although 
the concentrations of the polymorphs β-C2S and γ-C2S decrease with increasing 
temperature (Figs. 4.8 and 4.11 respectively), the γ-C2S rapidly decreases to 
negligible levels.  Coupled with the very low initial concentrations of the γ-C2S 
compared to β-C2S, it appears that there is partitioning in favour of β-C2S.   
 
A common feature in the mineralogical results shown in Figs 4.8 – 4.12 is the 
importance of the temperature range 1600 – 1800°C for producing an abrupt 
change to both the mineralogical and physical characteristics of the magnesia. 
 
Comparison of physical properties (BSG and PCS) with mineralogical and 
chemical properties yielded a very good correlation (R2 = 0.97 from a 4th order 
polynomial;  y = −857.94x4 + 6251.3x3 − 16998x2 + 20363x − 8917.8) between 
PCS and total CaO (Fig. 4.13).  CaO is almost always present in commercial 
magnesia refractories.  It plays an important role in lowering the initial liquid 
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formation temperature and also in the amounts of liquid formed at higher 
temperatures.46  The potential industrial usefulness of the correlation shown in 
Fig. 4.13 is in that it implies that the PCS may be indirectly estimated by 
measuring the total CaO levels by XRF.  It is stressed that this correlation is based 
on only one starting composition, and that the work needs to be repeated using 
different starting CaO and SiO2 concentrations to confirm its validity. 
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Fig. 4.13 The variation of PCS with total CaO levels (by XRF).  The line of 
best fit is a 4th order polynomial (see text). 
 
 
 
4.5 Discussion 
 
A number of important observations can be summarised from the findings of this 
series of experiments.   
 
• Total CaO levels decrease significantly at temperatures greater than 1600°C 
(∼25% loss by 2200°C). 
• Total SiO2 levels decrease noticeably at temperatures beyond 1800°C (∼12% 
loss by 2200°C). 
• Maximum BSG is attained at about 1800°C, irrespective of soak time. 
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• PCS increases dramatically after 1600°C and has not reached a maximum by 
2200°C. 
• Total MgO increases with increasing temperature. 
• Total (β + γ) C2S decreases noticeably at temperatures beyond 1600°C. 
• Merwinite (C3MS2) levels initially drop with increasing temperatures up to 
about 1800°C, then increase again up to 2200°C.   
• Free lime (CaO) levels drop between 1600 – 1800°C, then increase up to 
2200°C. 
• C3S levels drop dramatically at temperatures beyond 1600°C. 
• PCS is inversely correlated with total CaO levels. 
 
 
 
From the above summary, a number of conclusions can be drawn. 
 
1. The increase in total MgO levels with increasing temperature indicates 
that there are volatile species that are being removed from the samples.  
The volatile species are likely to be CaO and SiO2 from the calcium 
silicates, as both total CaO and total SiO2 levels drop with increasing 
temperature.  MgO volatility from the samples is also likely due to the 
experimental equipment used, rendering the differences in MgO, CaO and 
SiO2 volatility relative rather than absolute. 
 
2. The only silicate that increases with increasing temperature is merwinite 
beyond about 1800°C.  The presence of appreciable quantities of 
merwinite suggests that there is a form of contamination introduced from 
the deadburning process, probably by a solid-state diffusion mechanism.  
The CaO/SiO2 ratio for the samples was around 3.  This is well above the 
ratio of between 1 – 2 where merwinite is expected to form,18  although 
previous work 19  has shown how unexpected phases such as merwinite 
could form in MgO systems containing a high CaO/SiO2 ratio.  The 
presence of merwinite may be due to the appreciable levels of solid 
solution of CaO in MgO at high temperatures, altering the effective 
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CaO/SiO2 ratio.  Any loss (or stabilisation) of CaO will lower the 
CaO/SiO2 ratio. 
 
3. The temperature range 1600 – 1800°C is very important in the 
deadburning process.  A number of step changes occur in the 
concentrations of bulk chemical and phase components.  BSG reaches a 
maximum and PCS begins a dramatic increase as briquettes are heated 
through this temperature range. 
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5. CALCIUM AND SILICON DOPING 
 
 
5.1 Basis of Study 
 
Since the experiments outlined in Chapter 4 suggest considerable loss of calcium 
and silicon during deadburning, a series of studies were designed to focus on the 
migration and speciation of lime- and silica-doped samples that were deadburned 
at a variety of soak temperatures and soak times.  To enable direct comparison 
with the work in Chapter 4, identical temperatures were selected – 1400, 1600, 
1800, 2000, and 2200ºC.  The soak times at each temperature were again 10, 30, 
60, 180 and 300 minutes, and the maximum soak time at 2200°C was 180 
minutes.  The temperature profiles for the various experiments are identical to 
those shown in Fig. 4.1. 
 
Samples of a commercial calcined magnesia were pressed into discs weighing 
approximately 10 g and measuring approximately 25.4 mm in diameter by 10 mm 
in height. 
 
For each experiment, three samples were prepared; an undoped magnesia, a CaO-
doped magnesia and a SiO2-doped magnesia.  The dopants CaO and SiO2 were 
AR-grade material.  Approximately 0.05 g of dopant was pressed into a 5 mm 
diameter  pellet, then placed into the larger disc mold where approximately 10 g 
of the reference magnesia was added.  The sample was pressed so that the doped 
pellet was embedded centrally at the face of the final pressed disc (see Fig. 5.1). 
 
 
Dopant 
pellet 
MgO 
disc 
 
 
 
 
 
 
 
Fig. 5.1 Pressed dopant pellet within a pressed magnesia disc. 
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The three prepared discs were placed on top of a larger pressed disc of the same 
magnesia feedstock, in order to limit solid-solid impurity transfer from the furnace 
lining, and fired at the designated soak times and temperatures.  The furnace used 
was an Electrofuel high-temperature gas-fired furnace.  The weight and physical 
dimensions of the samples were measured before and after firing.  Generally, the 
samples lost consistently between 3 – 5% of their pre-sintered mass, and the 
height and diameter shrank by  about 19% and 18% respectively. 
 
Several of the low-temperature samples (1400-1600ºC) showed little obvious 
reaction between the dopant and the MgO matrix, whereas the high-temperature 
samples often showed a significant reaction between the dopant and the MgO 
matrix, often to the point where the dopant was no-longer visible – it had 
completely diffused into the MgO matrix. 
 
The suite of samples comprising the 60 minutes soak time at the various test 
temperatures was selected for further analysis.  It is noted that this one suite 
consisted of 15 samples: a BLANK, CaO-doped and SiO2-doped sample at each 
of the following temperatures: 1400, 1600, 1800, 2000 and 2000°C.  Examination 
by SEM and electron microprobe is expensive, so it was for this reason and also 
for the fact that the physical properties showed more variation with temperature 
than time, that a single time-suite was chosen for analysis. 
 
The samples were cut vertically through the centre and the sample mounted in 
epoxy resin to expose the cross-sectional surface.  This surface was polished and 
coated for SEM and EPMA analysis. 
 
Figure 5.2 shows a cross-section through the centre of the Blank 2200°C (60-
minute soak time) sample showing a variety of textures and cracks, as well as a 
typical area selected for detailed qualitative EPMA elemental mapping. 
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Fig. 5.2 The Blank 2200°C (60 mins) sample, showing the area selected for 
further EPMA analysis. 
 
 
To describe how the various analyses relate to the actual samples, the area 
bounded by the selection within the white rectangle in Fig. 5.2 was the area that 
was analysed by EPMA for the elements Mg, Ca and Si, shown in Fig. 5.3(a) as a 
composite image of the elemental abundances.  Figure 5.3(b) is electronically 
magnified from Fig. 5.3(a), and Fig. 5.3(c) is magnified from Fig. 5.3(b). 
 
Even though the gap between analyses (pixels) was 9 μm, some calcium silicate 
grain boundary structure can be seen in Fig. 5.3(c) (shown as yellow dendrites). 
 
 
5.2 EPMA Analysis 
 
Each of the sectioned discs were examined qualitatively by EPMA using a Jeol 
JXA 8900R electron microprobe operating at 15kV and 50 nA.  The elements 
measured were Mg, Ca, Si and Al.  Two sets of elemental maps were obtained.  
The first was a low resolution map of a square section measuring 9.2 × 9.2 mm 
consisting of 1048576 data points.  This very large map consisted of a grid of 
1024 × 1024 individual analyses – each containing qualitative abundance 
information for each of the above elements.  The distance between each analysis 
was approximately 9 μm, so only broad features are evident at this scale (Fig. 
5.3a). 
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Fig. 5.3 (a) Low resolution composite Mg/Ca/Si map from the region 
described in Fig. 5.2.  (b) and (c) are increasingly magnified 
regions showing coarse calcium silicate features. 
 
 
The second map was a much higher resolution map where the distance between 
each analysis was only 0.5 μm.  As the total map size was limited to the 
aforementioned 1024 × 1024 grid, a much smaller area was examined – although 
at a much greater resolution.  Fig. 5.4 is an example of such a map.  It shows 
polygonal crystals of MgO (diameter ∼130 μm) with yellow calcium silicate 
filling intergranular spaces. 
 
The Chimage software program was able to manipulate the composite elemental 
maps and construct either binary or ternary scatter plots for the various elements 
analysed.  Figure 5.5 shows a Mg – Ca – Si scatter plot (ternary) for each data 
point (pixel) in Fig. 5.4. 
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A     
 
Fig. 5.4 High resolution map (400 μm × 400 μm) near centre of sample 
showing the distribution of Mg, Ca and Si for the Blank 2200°C 
(60 mins) sample.  (The labelled MgO grain A refers to a later 
evaluation of that grain). 
 
 
Fig. 5.5 Mg – Ca – Si scatter plot from the composite map in Fig. 5.4.  The 
values are scaled to the maximum number of counts for each 
element. 
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Figure 5.5 shows a dense cluster of points near the Mg origin.  This is due to MgO 
being by far the dominant phase.  A diffuse cluster of points is observed at the Ca 
– Si binary between 65 – 75% Ca.  A diffuse trail of points joins this diffuse 
cluster to the Mg origin.  This diffuse trail is an artefact of measurement since the 
very fine calcium silicate grain boundary phases are not discretely examined by 
the electron beam.  Generally, the beam analyses a composite of the intergranular 
calcium silicate and the MgO grain (crystal).  The large number of possible 
combinations of these, dependent on the random beam path, leads to intermediate 
points along the imaginary line between Mg and a point on the Ca – Si binary that 
describes the ratio of Ca:Si in the particular calcium silicate.  Nevertheless, the 
presence of a single calcium silicate will result in a ternary plot showing a narrow 
trail of points ending in narrow, well-defined cluster at the Ca – Si binary (Fig. 
5.5).  The presence of two different calcium silicates will lead to a more diffuse 
and wider trail of points ending in two diffuse clusters at the Ca – Si binary (Fig. 
5.6). 
 
 
 
Fig. 5.6 An example of a Mg – Ca – Si ternary plot showing the presence of 
two distinct calcium silicate phases. 
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Each of the 15 samples was analysed by EPMA to produce a (a) low –  and (b) 
high – resolution Mg/Ca/Si composite map, as well as a ternary plot constructed 
from each map. 
 
 
5.2.1 Qualitative EPMA ternary elemental plots  
 
A series of high-resolution EPMA maps for the Blank suite of samples is shown 
in Fig. 5.7.  The maps shown in Fig. 5.7 are similar in their broad features to those 
for the CaO- and SiO2- doped samples, so only the Blank series is shown here. 
 
Typically, the 1400°C and 1600°C samples (Figs 5.7(a) and (b) respectively) are 
characterised by an absence of grain growth, abundant porosity (black) and 
abundant free CaO (green) distributed throughout the sample.  Yellow inclusions 
are calcium silicates. 
 
The 1800°C sample (Fig. 5.7(c)) is the first to show extensive grain growth 
clearly.  Extensive porosity is still evident evenly distributed throughout the 
sample.  The 2000°C and 2200°C samples (Figs 5.7(d) and (e) respectively) 
extend the trend in increasing crystal size. 
 
A clearer picture of the chemical changes occurring can be seen by considering 
the Mg/Ca/Si elemental ternary plots generated from each of the high-resolution 
EPMA maps (such as those of Fig 5.7 for the Blank series).  The ternary plots for 
the Blank, CaO-doped and SiO2-doped suites are shown as Figs. 5.8 – 5.10 
respectively. 
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(a) Blank 1400°C (d) Blank 2000°C  
 
 
 
 
(b) Blank 1600°C (e) Blank 2200°C 
 
 
 
 
 
(c) Blank 1800°C  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
Fig. 5.7 High-resolution Mg/Ca/Si composite map showing physical and 
chemical changes with temperature for the Blank series samples 
(60 min soak time) 
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 (a) Blank 1400°C (d) Blank 2000°C 
 
 
 
(b) Blank 1600°C (e) Blank 2200°C 
 
 
 
(c) Blank 1800°C  
 
 
 
 
Fig. 5.8 Elemental ternary plots showing the relative proportions of Mg, Ca 
and Si for the Blank series samples (60 min soak time).
 86
 (a) CaO 1400°C (d) CaO 2000°C 
 
 
 
(b) CaO 1600°C (e) CaO 2200°C 
 
 
 
(c) CaO 1800°C  
 
 
 
 
Fig. 5.9 Elemental ternary plots showing the relative proportions of Mg, Ca 
and Si for the CaO-doped samples (60 min soak time).
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(a) SiO2 1400°C (d) SiO2 2000°C 
 
 
 
(b) SiO2 1600°C (e) SiO2 2200°C 
 
 
 
(c) SiO2 1800°C  
 
 
 
 
Fig. 5.10 Elemental ternary plots showing the relative proportions of Mg, Ca 
and Si for the SiO2-doped samples (60 min soak time).
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For the Blank sample suite, the 1400°C and 1600°C samples (Figs. 5.8(a) and (b) 
respectively), show a distribution of calcium silicate concentrations extending to 
approximately 75% Ca – 25% Si on the Ca – Si binary.  This indicates the 
presence of C3S, and the lack of any well-defined grain boundaries due to the 
small grain size (Figs. 5.7(a) and (b)) has resulted in a narrow, intense scatter of 
points from the Mg origin to the Ca – Si binary. 
 
The 1800°C sample (Fig. 5.8(c)) shows a more diffuse scatter of points at the Ca – 
Si binary as well as what appears to be a second band of points intersecting the Ca 
– Si binary at a Ca/Si ratio of about 2 (indicating C2S). 
 
The 2000°C sample (Fig. 5.8(d)) shows a distinctive cluster of points along the Si 
– Mg binary.  This is due to the high-silica inclusions shown in red in Fig. 5.7(d).  
Otherwise, the ternary plot shows a well-defined Ca/Si ratio of 3 (indicating C3S), 
although there appears to be some broadening at the high-Si side of the Ca – Si 
binary indicating the possible presence of C2S. 
 
The 2200°C sample (Fig. 5.8(e)) shows a very diffuse cluster of points distributed 
between a ratio of 3 (C3S) and 2 (C2S).  The less-concentrated clustering at the 
higher temperatures is indicative of the larger grain size (Fig. 5.7(e)) and, 
conversely, a lower opportunity of directly analysing a calcium silicate secondary 
phase. 
 
Considering the CaO-doped series, the 1400°C and 1600°C ternary plots (Figs 
5.9(a) and (b) respectively) appear very similar to the equivalent Blank plots, 
indicating that  C3S is the dominant calcium silicate phase.  The 1800°C ternary 
plot (Fig. 5.9(c) shows a more diffuse distribution of points with a slightly 
bimodal distribution as seen from the clustering at 75% and 67% Ca (C3S and 
C2S respectively).  The CaO-doped 2000°C ternary plot (Fig. 5.9(d)) appears 
similar to the Blank 2000°C sample, with a Ca/Si ratio of 3 indicating the likely 
predominance of C3S.  The 2200°C ternary plot (Fig. 5.9(e) shows a cluster at the 
Ca – Si binary and comparatively few points between the cluster and the main 
MgO-rich cluster.  Aggregates of calcium silicates in this sample are larger and 
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located at the junction of the crystal edges (rather than narrow strips along the 
face boundaries), meaning that the electron beam has a greater chance of a direct 
analysis.  Kappmeyer and Hubble 51  also report that as the CaO/SiO2 ratio is 
increased in a given high-purity MgO, then the concentration of the calcium 
silicates into pockets at grain junctions tends to dominate, compared to forming 
thin envelopes around MgO grains. 
 
The 1400°C and 1600°C SiO2-doped samples (Figs. 5.10(a) and (b) respectively) 
appear similar to the corresponding Blank and CaO-doped samples.  The 1800°C 
ternary plot (Fig. 5.10(c)) is interesting in that it clearly shows a cluster at a Ca/Si 
ratio of 2 that contains Mg.  The presence of the Mg prevents the cluster reaching 
the Ca – Si binary axis. 
 
The 2000°C ternary plot (Fig. 5.10(d)) shows a Ca/Si ratio of about 2 (C2S), this 
time extending to the Ca – Si binary.  The 2200°C ternary plot (Fig. 5.10(e)) 
reveals a Mg-bearing calcium silicate cluster at a Ca/Si ratio of about 2 (indicating 
C2S).  Intermediate phases that would be formed in the Si-doped samples are 
forsterite (2MgO⋅SiO2) and monticellite (CaO⋅MgO⋅SiO2).  The complexity of the 
phase interactions at relatively low temperatures is quite great, with forsterite and 
monticellite having an affinity for forming solid solutions with one another at 
temperatures as low as 1000°C.21,52,53
 
Overall, the 1400°C and 1600°C ternary plots for the three samples appeared very 
similar, with C3S appearing to be the dominant calcium silicate phase.  Increasing 
crystal size (and liquid phase) at higher temperatures leads to the formation of 
other calcium silicate species such as C2S.  The high-Si samples from the SiO2-
doped suite showed the greatest difference at higher temperatures, with Mg-
substitution of C2S appearing likely. 
 
A consideration of the qualitative ternary plots indicated that C3S was the 
dominant silicate species.  This is different to the findings of the 
Time/Temperature experiments (Chapter 4) which showed that C2S was 
dominant.  Each Time/Temperature “sample” consisted of 10 briquettes placed in 
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contact on a pressed pad of the same calcined MgO, whereas the CaO- or SiO2- 
doped samples were single pressed compacts resting on a similar pad.  It is 
possible that the many similar samples in intimate contact may have experienced 
different solid/vapour silicate transportation and migration to the single sample.  
Later experiments (Chapter 6) were designed to investigate directly the role of 
vapour phases in silicate mobility. 
 
 
 
5.2.2 Quantitative analysis and high-resolution EPMA map of 
the BLANK 2000°C sample 
 
A high-resolution Mg/Ca/Si composite EPMA map was obtained for the BLANK 
2000°C sample in order to correlate the qualitative count ratio with an actual 
CaO/SiO2 ratio.  In doing so, the rapidly acquired qualitative maps could be 
“calibrated” to provide quantitative information on the CaO/SiO2 ratio. 
 
A region containing a few quite broad calcium silicate grain boundaries was 
selected near the centre of the sample (Fig. 5.11).  The Mg/Ca/Si composite map 
shown in Fig. 5.11 contains at least two distinct calcium silicates, as evidenced by 
the Ca – Si scatter plot (Fig. 5.12) and the Mg – Ca – Si ternary scatter plot (Fig. 
5.13). 
 
After the acquisition of the high resolution map, a series of quantitative analyses 
were conducted on selected regions on grain boundaries that appeared to contain 
different ratios of calcium silicates. 
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Fig. 5.11 A Mg/Ca/Si composite EPMA map of a region near the centre of 
the Blank 2000°C sample.  The colour response of calcium (green) 
has been adjusted to highlight the subtle differences in the 
boundary calcium silicate phase.  Consequently, the detail in the 
calcium distribution within the MgO grains is not visible in this 
image. 
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Fig. 5.12 Ca – Si scatter plot for all the data points in the composite map in 
Fig. 5.11.  The two distinct clusters are due to the presence of C2S 
and C3S.  Units are expressed as k-ratio, a ratio of the uncorrected 
abundance of each element from the sample and that of the 
corrected abundance from a CaO·SiO2 standard. 
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Fig. 5.13 Mg – Ca – Si ternary scatter plot showing the same C2S and C3S 
clustering as Fig. 5.12.  
 
 
A calcium silicate-rich region near the centre of Fig. 5.11 was selected for closer 
study and is shown in Fig. 5.14.  The two maps (Figs. 5.14a and b) show the same 
area, except that the colour balance for the calcium concentration (green) has been 
adjusted to highlight (a) the subtle differences in calcium silicate grain boundary 
phases (Fig. 5.14a) and (b) the calcium distribution within the MgO grain (Fig. 
5.14b). 
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Fig. 5.14a Close-up of a region near the centre of Fig. 5.11 showing two 
distinct types of calcium silicate.  The colour balance of the 
calcium (green) was adjusted to highlight this difference, at the 
expense of masking the calcium distribution within the MgO 
grains.  Data markers refer to analyses shown in Table 5.1. 
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Fig. 5.14b Identical region to Fig. 5.14a, except this time the calcium colour 
balance (green) was adjusted to highlight the calcium distribution 
within the MgO grains and the calcium depletion zone near the 
edge (surface) of the MgO grains. Data markers refer to analyses 
shown in Table 5.1. 
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The results of the point analyses in Figs. 5.14a and 5.14b are shown in Table 5.1.  
Due to their similar molecular weights (CaO = 56; SiO2 = 60), the mass ratios of 
these oxides are very close to their molar ratios. 
 
Table 5.1 Quantitative point analyses for the features highlighted in Figs. 
5.14(a) and (b).  Values are in wt%. 
 
Analysis # Description MgO CaO SiO2
1 C3S-rich boundary phase 0.28 74.27 25.62 
2 C2S-rich boundary phase 5.58 62.93 31.63 
3 C2S-rich boundary phase 0.26 66.58 33.99 
4 C3S-rich boundary phase 0.35 75.61 25.88 
5 Ca-rich zone in MgO grain 97.47 1.73 0.00 
6 Ca-poor zone in MgO grain 99.61 0.55 0.00 
7 Ca-rich zone in MgO grain 98.99 0.70 0.01 
8 Ca-rich zone in MgO grain 98.86 0.69 0.01 
9 Ca-poor grain boundary 98.87 0.26 0.00 
10 Ca-rich zone in MgO grain 97.90 1.30 0.00 
 
The two higher-calcium-containing analysis points (analyses 1 and 4) have a 
CaO/SiO2 ratio of 2.9, denoting tricalcium silicate.  The two points lower in 
calcium content (analyses 2 and 3) have ratios of 2, denoting dicalcium silicate. 
 
The analyses of regions within the MgO grain that appeared to contain elevated 
levels of calcium (analyses 5, 7, 8 and 10), due to a greater green colouring in Fig. 
5.14b, do show greater calcium abundances (0.69 – 1.7%).  This contrasts with the 
calcium-depleted areas that appeared more blue (analyses 6 and 9) and which 
were, indeed, found to contain less calcium (≤ 0.55%). 
 
A feature of the software program Chimage is that it allows clusters of points to 
be selected and assigned to a particular mineralogical phase.  In the case of the 
composite map in Fig. 5.11, the distinct C2S and C3S clusters were chosen from 
Fig. 5.12, as were the CaO-rich diffuse cluster (close to the Ca origin in Fig. 5.12) 
and the MgO-rich cluster (close to the Mg apex in Fig. 5.13).  The resulting phase 
map is shown in Fig. 5.15. 
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Fig. 5.15 Phase map constructed from the various clusters in Figs. 5.12 and 
5.13, showing the distribution of C2S, C3S, CaO and MgO.  It was 
impossible to accurately distinguish all of the clusters, so there are 
numerous black (unassigned) grain boundaries. (Scale: 450 × 450 
μm). 
 
 
While the Ca/Si counts ratio as determined by EPMA is not simply related to the 
molar ratio, through an unusual combination of experimental factors (such as 
detector configuration, detection time and counting statistics), the Ca/Si elemental 
counts ratio corresponds to a CaO/SiO2 molar ratio of 2 (dicalcium silicate).  
Similarly, an elemental counts ratio of 3 for Ca/Si corresponds to a CaO/SiO2 
ratio of 3 (tricalcium silicate).  It is, therefore, very easy to observe the dominant 
calcium silicate phases comprising a particular map by simply determining the 
ratio of the elemental counts for Ca and Si.  This ratio will reflect the actual 
quantitative oxide ratio CaO/SiO2. 
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5.2.3 Quantitative SEM examination of the SiO2 2000°C and 
Blank 2200°C samples 
 
A second experiment was conducted in order to correlate the actual Ca/Si ratio 
with the observed ratio based on the raw elemental counts for Ca and Si (from the 
EPMA maps).  The 2000°C SiO2-doped sample was examined by SEM to 
determine the types of calcium silicates typically found throughout the sample.  
The instrument used was a Jeol 25 SEM fitted with an energy-dispersive detector 
capable of quantitative analysis for a limited number of elements.  The elements 
selected were Mg, Ca, Si and Al.  Oxygen was calculated by difference, and the 
elemental results converted to show oxide content (wt%).  This was deemed 
acceptable as the refractory magnesia samples contained stable oxide forms of 
these main elements. 
 
The analysis consisted of a spot analysis (approximate beam diameter 5 μm) on 
selected features within the sample. 
 
In the case of the SiO2-doped 2000°C sample, point analyses were taken of the 
calcium silicate grain boundary phases near the top, middle and bottom of a 
vertical cross-section of the disc.  This was to see if the types of calcium silicate 
phases formed near the initially-silica-rich top were different to those formed 
within the body of the disc.  The results for CaO and SiO2 are shown in Table 5.2. 
 
Table 5.2 Results of the SEM point analyses for the SiO2 2000°C 
sample (in wt%). 
 
Region CaO SiO2 CaO/SiO2
Top 
 
61.13 
59.46 
31.96 
29.98 
1.91 
1.98 
Middle 
 
58.17 
61.46 
27.61 
33.15 
2.11 
1.85 
Bottom 
 
56.48 
59.34 
31.53 
30.37 
1.79 
1.95 
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The CaO/SiO2 wt% ratio is approximately 2 for calcium silicates found 
throughout the disc, indicating the presence of dicalcium silicate as the most 
abundant species (A 2:1 CaO/SiO2 molar ratio corresponds to a CaO/SiO2 wt% 
ratio of 1.87).  From the EPMA elemental ternary plot (Figs 5.10d)  the 
distribution of calcium silicate appears uniform and of one type, with a 
predominant Ca/Si counts ratio of approximately 2.  This re-confirms that an 
observed elemental counts ratio of 2 for the Ca/Si ratio corresponds to a CaO/SiO2 
ratio of 2 (2CaO.SiO2). 
 
An examination of the Blank-2200°C sample focussed on identifying the 
composition of inclusions often occurring within the centre of MgO grains.  From 
the high-resolution EPMA map (Fig. 5.4) an MgO grain containing calcium-
silicate-rich inclusions was identified (labelled A) for further quantitative SEM 
analysis.  This grain also contained calcium-rich inclusions that appeared to 
contain little or no silica.  The calcium-rich inclusions, thought to be lime (CaO) 
inclusions that had concentrated within the centre of MgO grains, were seen 
throughout samples that had been deadburned at higher temperatures. 
 
The same MgO grain was located by SEM and an image taken (Fig. 5.16) 
showing the calcium-silicate-rich inclusions and a much fainter calcium-rich 
inclusion.  It was impossible to train the electron beam solely on the inclusion due 
to its small size (< 1 μm) but the qualitative analysis did show the elements 
present against the very large abundance of MgO.  The SEM analysis of these 
inclusions revealed that the bright ones were indeed calcium-silicate-rich, whereas 
the very faint one was solely CaO. 
 
Moreover, closer examination of the location of the calcium-silicate-rich 
inclusions revealed that all four points indicated in Fig. 5.16 occurred around 
internal pores, whereas the CaO inclusions (which were much more common) 
occurred randomly within the MgO matrix.  This phenomenon was investigated 
with a few other calcium-silicate-rich inclusions in surrounding magnesia grains 
and they were also found to locate around internal pores (easily seen by switching 
between backscattered and secondary SEM imaging modes). 
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Bowen and Clarke 54  and Henderson 55  found calcium-rich impurities in single 
crystal MgO.  They found that impurities could also be induced to precipitate 
along dislocations when the crystal is put under load.  However, a regime of 
chemical etching and annealing was necessary to highlight the impurities.  That 
impurities readily seen in the composite maps in this thesis are probably due to a 
higher impurity concentration and the higher resolving power of modern electron 
microprobes. 
 
 
 
calcium
silicates
CaO
 
 
Fig. 5.16 Backscattered SEM image of identical region on the Blank 2200°C 
sample to the EPMA map shown as A in Fig. 5.4 showing  four 
calcium silicate and two CaO inclusions (arrowed) in a MgO grain. 
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Considering the distribution of calcium and silicon from the Mg – Ca – Si ternary 
plots shown in Figs. 5.8 – 5.10, an estimate of the predominant type of calcium 
silicate can be made by estimating the ratio of Ca/Si from the intersection point 
along the Ca – Si binary.  As has been shown previously, the Ca/Si ratio, from the 
raw counts data, corresponds to the actual wt% ratio of CaO/SiO2.  Table 5.3 
shows the predominant calcium silicate present in each of the low- and high-
resolution composite maps for the Blank, CaO- and SiO2-doped samples. 
 
Table 5.3 Predominant calcium silicate present, estimated from the low- and 
high-resolution ternary plots.  Minor abundances are in 
parentheses. 
 
Sample Low-res. map High-res. map 
BLANK   
1400°C C3S C3S 
1600°C C3S C3S 
1800°C C3S C3S (C2S) 
2000°C C3S (C2S) C3S (C2S) 
2200°C C2S + C3S C2S + C3S 
CaO-doped   
1400°C C3S C3S 
1600°C C3S C3S 
1800°C C3S (C2S) C3S (C2S) 
2000°C C3S (C2S) C3S (C2S) 
2200°C C3S (C2S) C3S 
SiO2-doped   
1400°C C3S C3S 
1600°C C3S C3S 
1800°C C2S C2S 
2000°C C2S C2S 
2200°C C2S, CMS? C2S, CMS? 
 
 
Overall, there is very good agreement between the observations from the low–
resolution map (essentially a map of half of the cross-sectional area of the sample) 
and the high–resolution map (a detailed map of a small area near the centre of the 
sample).  C3S is the dominant phase between 1400°C – 1600°C due to the 
lowered reactivity of the dopants at these temperatures.  The C3S phase persists as 
the dominant phase for all of the CaO – doped samples due to the extra calcium 
from the dopant. 
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The SiO2 – doped samples, however, clearly begin with C3S as the dominant 
phase between 1400 – 1600°C, then abruptly change to C2S being dominant at 
1800°C.  This is partly explained by the fact that the SiO2 dopant disc had not 
appreciably reacted at 1400°C, meaning that the bulk of the sample was 
essentially behaving like the blank sample. 
 
 
5.3 Calcium Depletion Near Grain Boundaries 
 
The high-resolution elemental maps produced by EPMA have highlighted the lack 
of calcium distributed near the edges of MgO grains.  The calcium depletion is so 
obvious that grain boundaries which do not contain calcium silicates are still 
noticeable due to the lack of calcium, making the boundary between grains appear 
dark blue (high magnesium, low calcium and silicon) in the colour-coded 
Mg/Ca/Si composite EPMA maps.  
 
It has been found 56–60  that calcium impurities evenly distributed in MgO will 
move away from the surface of an MgO crystal as the temperature is increased 
beyond about 1100°C.  Conversely, the calcium impurities will segregate to the 
surface of a MgO single crystal as the temperature cools to about 1100°C.  The 
mechanism for impurity segregation is thought to be related to the difference 
between the bulk and surface defect structure of MgO induced by Ca2+ ions in the 
lattice structure. 
 
Although the work described above concerns a single surface of an MgO crystal, 
it does show that significant temperature-dependant segregation occurs.  Further, 
it has been noted 56  that, due to the eutectic nature of the CaO – MgO phase 
diagram,50 the system will tend to exhibit clustering behaviour.  This finding 
appears consistent with the observed distribution of CaO inclusions within MgO 
grains at the higher temperatures.  
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The EPMA maps show extensive calcium distribution within MgO grains.  Just 
inside the rim of each grain, however, is a Ca-depleted zone.  It appears that, 
considering that an MgO grain approximates a sphere, a random slice close to the 
surface of a spherical grain would show very little calcium due to the cut being 
within the depletion zone.  This is shown schematically in Fig. 5.17 
 
 
 
YXY X
calcium-rich
depletion zone
 
Fig. 5.17 Random slices through an MgO grain containing calcium (left).  
Slice X is close to the centre of the grain, whereas slice Y is closer 
to the rim.  The resulting cut faces are shown to the right. 
 
 
 
This effect is exhibited in Fig. 5.18, an enlarged section of the Blank 2000°C 
Mg/Ca/Si composite map.  The two smaller grains (circled) show a low 
concentration of calcium and an absence of calcium zoning – corresponding to cut 
face Y in Fig. 5.17. 
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Fig. 5.18 MgO grains showing very low calcium distribution probably due to 
random slicing through the calcium-depletion zone. 
 
 
The depletion of calcium just inside the grain boundary can also be shown by 
plotting the calcium counts across  two MgO grains.  A region just below that 
shown in Fig. 5.18 was selected (shown as Fig. 5.19) that contained two MgO 
grains directly bonded (i.e. no calcium silicates at the grain boundaries).  An 
elemental calcium line profile (Fig 5.20) was selected so that it began at a 
calcium-depleted grain edge (A), traversed the bulk of the calcium-enriched MgO 
grain (B), crossed a calcium-depleted grain boundary (C), and finished within the 
calcium-enriched area of the next MgO grain (D).  
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Fig. 5.19 Mg/Ca/Si composite plot showing the grain structure and calcium 
depletion zones selected for a calcium line profile.  The 
concentration of calcium across the region A – D is shown in Fig. 
5.20. 
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Fig. 5.20 The calcium concentration (y-axis; expressed as counts) across a 
region defined by the markers A – D in Fig. 5.19.  The x-axis is 
distance (in μm). 
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5.4 Discussion 
 
A number of conclusions can be made from this section of the work: 
 
1. There is abundant calcium distributed within the MgO grains, probably 
because there is a well-defined solid-solution between CaO and MgO.50 
2. The distribution of calcium is not homogeneous.  There is a significant 
depletion of calcium near grain boundaries.  A possible explanation for this 
may be due to precipitation of MgO from the liquid present at very high 
temperatures removing some calcium (to form a solid solution).  The 
remaining liquid (comprising MgO, calcium silicates and calcium magnesium 
silicates) may then precipitate these phases such that the calcium is totally 
consumed in forming the stoichiometric C2S and C3S.  The remaining MgO 
precipitating will thus be depleted in calcium, possibly explaining the 
magnesia-rich grain boundaries. 
3. C3S tends to be the dominant calcium silicate at temperatures between 1400 – 
1600°C for all samples. 
4. Minor amounts of C2S are found at higher temperatures for the Blank and 
CaO- doped samples, but C3S continues to be dominant. 
5. C2S is the most abundant silicate at the higher temperatures for the SiO2-
doped samples, with some magnesium-substituted calcium silicates evident at 
2200°C. 
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6. VAPOURISATION AND MIGRATION OF 
CALCIUM AND SILICON 
 
 
6.1 Basis of Study 
 
Experiments outlined in Chapter 4 on deadburning MgO briquettes in a furnace 
lined with commercial high-purity magnesia bricks demonstrate that a significant 
degree of contamination occurs at high-temperatures. 
 
Commercial magnesia bricks contain appreciable quantities of calcium silicates.  
It was observed that the bulk chemistries of MgO briquettes (as determined by 
XRF analysis) before and after deadburning in laboratory gas-fired furnaces were 
different – often significantly so (Table 4.3).  The XRF analyses typically showed 
that the CaO and SiO2 levels varied significantly with increasing deadburning 
temperature.  It was found that chemical changes are first observed at about 
1800ºC and increase in extent up to 2300ºC (the limit for the Electrofuel furnace).  
This effect is of minor significance up to about 2000ºC, but above this 
temperature becomes quite significant.  It was for this reason that the temperature 
range 1800ºC –  2000ºC was selected for further detailed analysis of the 
mechanism(s) for chemical change. 
 
Briquettes of high-purity MgO were prepared (see section 2.6) and placed in a 
furnace in the following configuration: 
 
A. One briquette was placed on a slice (30 × 30 × 5 mm) of commercial magnesia 
refractory brick. 
B. One briquette was placed on a similar MgO briquette and then placed very 
close (∼ 50 mm) to a commercial magnesia briquette. 
 
The firing of refractories at high temperatures can involves gas-solid interactions, 
meaning that the atmospheric influences are as important as time and temperature 
in determining the final product characteristics.61,62  This is often due to the fact 
that a hydrocarbon fuel is used as a direct-contact heat source.  However, the use 
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of such a fuel results in the inevitable presence of water vapour in the furnace 
atmosphere, and may lead to vapour transport of hydrated oxide species. 
 
The presence of water vapour can lead to the formation of magnesium hydroxide, 
Mg(OH)2, even at temperatures above 1700°C.63  Sata et al. 35,64  noted that 
vapourisation of MgO was accelerated by humid atmospheres, as would be 
expected in a laboratory gas-fired furnace and in high-temperature industrial 
processes involving the combustion of hydrocarbon fuel by air and oxygen.  Fig. 
6.1 was constructed from the data of  Sata and Sasamoto 35  and shows that there 
is a characteristic increase in MgO vapourisation rate between 1600°C and 
1800ºC (results from a single crystal of MgO heated in a vacuum).  As well, Day 
and Stokes 65  noted that when tensile plastic deformation is induced in MgO 
under load, that at temperatures above 1700°C grain boundary migration and 
sliding tends to relax the overall stresses built up in the polycrystalline material.  
These findings stress the important changes occurring within the 1600 – 1800°C 
range and are likely to be important in explaining the changes (BSG, PCS calcium 
silicate concentrations) that occur in the samples considered in this thesis. 
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Fig. 6.1 Langmuir vapourisation rate of MgO in a vacuum.35
 
 109
Sata and Sasamoto 35  also showed that the vapourisation rate is doubled by going 
from a single crystal (no porosity) to a 30% porosity MgO.  Assuming that the 
green density of a sample compact is 1.9 – 2.1 g.cm-3 and that the theoretical 
density of MgO is 3.56 g.cm-3, then the “porosity” (defined here as the percentage 
difference between actual and theoretical maximum) is between 41 – 47%, with 
the attendant increase in surface area available for vapourisation.  When this is 
combined with the fact that vapourisation is enhanced by humidity, then it should 
be expected that a significant amount of MgO will be lost during deadburning. 
 
 
6.2 Calcium and Silicon Migration due to Vapourisation 
 
A series of simple experiments were conducted to ascertain the degree of mobility 
of the calcium silicate species during the deadburning of magnesia.  Three 
separate deadburning runs were conducted at 2000ºC in a zirconia-element 
furnace (CM furnace – see section 2.10).  Importantly, the furnace enclosure is 
made of zirconia, thereby eliminating the effect of calcium and silicon 
volatilisation from the walls.  Three separate tests were run to minimise the 
potential for cross-contamination of the samples.  The first test involved two 
separate MgO compacts made from standard industrial-grade caustic calcined 
MgO (duplicate samples were designated A or B) resting on a pad made of the 
same material.  The second test involved similar compacts resting on a pad of 
identical material, this time with two sections (each ∼ 30 × 30 × 5 mm) of 
commercial magnesia refractory brick placed approximately 50 mm from each 
sample (and not touching the MgO pad).  The third test involved two MgO 
compacts resting on a slice of commercial MgO brick. 
 
Each test is shown schematically in Fig. 6.2, and the results of the three tests are 
shown in Table 6.1.  Before and after masses were not recorded, so the overall 
mass balances of Mg, Ca, and Si could not be calculated.  The well-insulated CM 
furnace only allowed slow cooling of the samples from 2000°C.  Approximately 
10 hours were required to reduce the temperature from 2000°C to 400°C. 
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 Blank Vapour 
Contact 
 
Fig. 6.2. Schematic representation of the three configurations used.  The 
Blank test consisted of a compact sitting on a larger pad of the 
same material.  The Vapour test was similar to the Blank, except 
for the presence of a commercial refractory brick sample in close 
proximity but not in contact with the compact.  The Contact test 
consisted of the compact sitting on the commercial refractory 
sample  Each configuration was run separately. 
 
 
Table 6.1 Results of the vapour-state mobility experiments for samples A and 
B.  Concentrations of CaO and SiO2 assume no loss of MgO. 
Sample A CaO-c* 
(wt%) 
CaO-d†
(wt%) 
CaO 
(c-d) 
CaO 
(%-diff.)‡
SiO2-c
(wt%) 
SiO2-d 
(wt%) 
SiO2 
(c-d) 
SiO2  
(%-diff.) 
Blank 2.43 2.09 -0.34 -13.99 0.77 0.56 -0.21 -27.27 
Vapour 2.36 2.13 -0.23 -9.75 0.73 0.60 -0.13 -17.81 
Contact 2.37 2.43 0.06 2.53 0.76 0.76 0 0.00 
Sample B CaO-c* 
(wt%) 
CaO-d†
(wt%) 
CaO 
(c-d) 
CaO 
(%-diff.)‡
SiO2-c
(wt%) 
SiO2-d 
(wt%) 
SiO2 
(c-d) 
SiO2  
(%-diff.) 
Blank 2.43 2.17 -0.26 -10.70 0.78 0.62 -0.16 -20.51 
Vapour 2.36 2.19 -0.17 -7.20 0.73 0.62 -0.11 -15.07 
Contact 2.39 2.38 -0.01 -0.42 0.75 0.73 -0.02 -2.67 
*  calcined (i.e. initial) 
†  deadburned (i.e. final) 
‡  difference expressed as a percentage of original calcined concentration 
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The amount of CaO and SiO2 lost from each sample can be seen in Figs. 6.3 (a) 
and (b).  The amounts lost are relative, based on the assumption that the mass of 
Mg remained constant.  Considering each sample rested on a pad of 
predominantly MgO, then the loss of Mg may have been minimised. 
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Fig. 6.3 The loss of total CaO and SiO2 from (a) sample A and (b) sample 
B for the three configurations (expressed as a percentage of the 
original concentration).  
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Figure 6.3 shows that the most CaO lost was when there was no other Ca-
containing species in the furnace (Blank).  When a commercial refractory brick 
was present (Vapour), the amount lost was less.  When placed on a commercial 
refractory brick, there was little change in the concentrations of CaO.  The results 
for SiO2 follow the same general trend, and also show that the greatest percentage 
SiO2 lost occurred when no other calcium silicate species were present in the 
furnace.   
 
Considering the results from Chapters 4 and 5 conducted in an Electrofuel furnace 
(a gas-fired furnace operating at a slightly oxidising stoichiometry and containing 
water vapour from the combustion process), it is hypothesised that the 
vapourisation of impurities would be enhanced by the water vapour, but 
suppressed by the presence of considerable calcium silicate impurities from the 
MgO lining bricks.  The results of the experiments described in Chapter 4 (where 
briquetted MgO was shown to lose appreciable CaO and SiO2 ; Table 4.3) show 
that the loss of CaO and SiO2 is close to that shown by the “vapour” test above.  
Silica has a higher vapour pressure than CaO,64  which may explain the higher 
loss of silica (in percentage terms). 
 
6.3 Calculation of the Remaining Ratio 
 
Previous work 64  showed that the amount of impurity remaining in magnesia that 
had been exposed to high temperatures was inversely proportional to the amount 
present prior to heat treatment.  A value designated the remaining ratio (the ratio 
of the impurity content after treatment and that prior to treatment) tended to 
decrease dramatically with increasing impurity content.   
 
The remaining ratio is C2/C1 where C1 and C2 are the concentration of the 
impurity oxide before and after heat treatment, respectively.  This ratio was 
calculated for the Grade A commercial magnesia described in Chapter 4 (shown 
in Table. 6.2).  Also shown in Table 6.2 are the remaining ratios for another 
commercial grade (Grade B) deadburned concurrently with the Grade A samples.  
Table 6.3 compares the initial (i.e. calcined) composition of the two grades. 
 113
Table 6.2 The remaining ratio C2/C1 for the Grade A commercial magnesia 
described in Chapter 4, and for a second commercial grade (Grade 
B) deadburned concurrently with Grade A. 
  Grade A Grade B 
Temp. 
(°C) 
Time 
(mins) 
SiO2 
C2/C1
CaO 
C2/C1
SiO2 
C2/C1
CaO 
C2/C1
1400 10 1.08 1.03 0.98 1.02 
1400 30 1.00 1.04 1.00 1.03 
1400 60 1.06 1.03 0.98 1.03 
1400 180 1.05 1.03 1.00 1.02 
1400 300 1.02 1.04 0.98 1.03 
1600 10 1.00 1.03 1.02 1.02 
1600 30 1.01 1.03 1.09 1.03 
1600 60 1.02 1.02 1.01 1.03 
1600 180 1.03 1.04 0.99 1.02 
1600 300 1.06 1.02 0.99 1.00 
1800 10 1.03 1.01 0.96 1.02 
1800 30 1.07 1.00 1.01 1.01 
1800 60 1.07 1.00 1.02 1.01 
1800 180 1.07 1.00 1.02 1.02 
1800 300 0.97 0.96 0.89 0.95 
2000 10 0.95 0.92 0.82 0.86 
2000 30 0.94 0.94 0.88 0.94 
2000 60 0.95 0.93 0.92 0.94 
2000 180 1.00 0.85 0.79 0.80 
2000 300 1.12 0.84 0.86 0.76 
2200 10 0.78 0.80 0.84 0.83 
2200 30 0.86 0.78 0.74 0.77 
2200 60 0.99 0.74 0.84 0.72 
2200 180 0.79 0.73 0.73 0.69 
 
 
 
Table 6.3 Initial bulk composition of the two Grades A and B (in wt%). 
 MgO SiO2 Al2O3 CaO Fe2O3 MnO LOF* 
Grade A 93.58 0.76 0.065 2.31 0.045 0.096 3.17 
Grade B 93.37 0.81 0.100 2.34 0.095 0.098 3.24 
   *Loss-on-fusion (wt%) 
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The results of Table 6.2 were averaged for each temperature and are shown in 
Table 6.4. 
 
Table 6.4 The results for the remaining ratio averaged across each 
temperature range. 
 Temp. 
(°C) 
SiO2 
C2/C1
CaO 
C2/C1
Grade A 1400 1.04 1.03 
 1600 1.02 1.03 
 1800 1.04 0.99 
 2000 0.99 0.90 
 2200 0.85 0.76 
Grade B 1400 0.99 1.03 
 1600 1.02 1.02 
 1800 0.98 1.00 
 2000 0.85 0.86 
 2200 0.79 0.75 
 
 
 
The results in Table 6.4 are shown graphically in Figs. 6.4 and 6.5 for SiO2 and 
CaO respectively. 
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Fig. 6.4 The change in remaining ratio (C2/C1) for SiO2 with temperature 
for the two grades of magnesia.  Note that the trendlines are 2nd 
order polynomials (see text). 
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Fig. 6.5 The change in remaining ratio (C2/C1) for CaO with temperature 
for the two grades of magnesia.  Note that the trendlines are 2nd 
order polynomials (see text). 
 
 
 
Figures 6.4 and 6.5 show good agreement for the change in remaining ratio for 
both SiO2 and CaO in the A and B grades.  The lower overall ratios for the Grade 
B SiO2 results (Fig. 6.4; the line of best fit approximated by the 2nd order 
polynomial y = -5× 10-7x2 + 0.0015x − 0.1385) is due to the higher initial SiO2 
concentration of the Grade B material (Table 6.3).  Conversely, the lower initial 
SiO2 concentration of the Grade A sample resulted in a lower vapourisation rate, 
hence higher overall remaining ratio (Fig. 6.4; the line of best fit approximated by 
the 2nd order polynomial y = -5 × 10-7x2 + 0.0018x − 0.3609).  The trends shown 
are also in general agreement with previous work,64  showing a decreasing 
remaining ratio with increasing soak temperature – corresponding to a greater loss 
of impurities at higher temperatures. 
 
The almost identical CaO remaining ratios for the two grades is due to the very 
similar initial CaO concentrations (Table 6.3).  It is interesting to note that while 
the initial CaO concentrations were very similar, Grade B was slightly higher in 
CaO (2.34 wt%  cf  2.31 wt%) implying that the overall remaining ratio should be 
lower than that of Grade A.  Although very similar, the trendlines (approximated 
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by 2nd order polynomials;  y = -6 × 10-7x2 + 0.0017x − 0.2485  and  
y = -6 × 10-7x2 + 0.0017x − 0.2692 for Grades A and B respectively) do show 
slightly lower ratios for the Grade B material, as expected. 
 
The remaining ratio for the vapourisation trials conducted in the zirconia furnace 
at 2000°C (Table 6.1)is plotted against furnace configuration in Fig. 6.6. 
 
Figure 6.6 shows that there has been a greater loss of SiO2 , possibly due to its 
higher vapour pressure at high temperatures.  In all cases, the greatest loss 
occurred for the Blank configuration, where there is no other source of calcium 
and silicon in the furnace.  Placing a commercial magnesia refractory brick in the 
furnace enclosure has led to a significant increase in the remaining ratio, 
culminating in no real change for a sample in direct contact with a refractory 
brick.  
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Fig. 6.6 The remaining ratio C2/C1 for CaO and SiO2 for the samples heated 
in the zirconia furnace at 2000°C (Table 6.1). 
 
 
The results of the CM furnace tests (electric furnace), where calcium and silicon 
contamination from the furnace enclosure was virtually eliminated, showed that 
most of the calcium and silicon was lost when there was no other calcium silicate 
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species present in the furnace.  This implies that there was a very low calcium and 
silicon vapour pressure above the commercial magnesia samples, leading to a high 
vapourisation rate and a greater amount of calcium silicate loss.  When the vapour 
pressure inside the furnace increased due to the presence of a commercial 
magnesia refractory brick, then the loss was reduced.  When the commercial 
refractory brick was placed in contact with the magnesia test piece the amount of 
calcium and silicon loss was considerably less –  to the point of being negligible. 
 
The changes observed in the three different tests may be explained by considering 
the equilibrium balance between evaporation and condensation processes.  
Additional sources of calcium and silicon vapour (Vapour and Contact samples) 
will tend to increase the vapour pressure of these species in the furnace, limiting 
the amount lost from the samples required to establish an equilibrium vapour 
pressure.  The Contact sample also allowed solid-state diffusion of calcium 
silicates, further limiting the loss from the sample.  In the absence of any other 
source of calcium and silicon vapour, the Blank sample would lose the most 
calcium and silicon vapour in order to establish the equilibrium vapour pressure, 
as observed. 
 
A sample from the time and temperature variation experiments (Chapter 4) 
considered to be the closest match to the samples run in the CM furnace –  the 
2000°C sample at 60 minutes – showed a total weight loss of 7% for CaO and 5% 
for SiO2.  The result is compared to those from the CM furnace in Fig. 6.7.  From 
Fig. 6.7, the calcium and silicon loss in the Electrofuel furnace has a magnitude 
between that of the vapour experiments (significant loss) and contact experiments 
(negligible loss).  This is consistent with what would be expected of a furnace 
enclosure lined with commercial magnesia refractories, where the loss of calcium 
and silicon is attenuated by the presence of significant amounts of calcium and 
silicon vapour.   
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Fig. 6.7 The total loss of CaO and SiO2 for the 2000°C (60 minutes) 
samples compared to that obtained in the CM furnace runs. 
 
 
 
6.4 Migration of Calcium and Silicon in a Gas-Fired Furnace 
 
6.4.1 Sample configurations 
 
In order to better understand the impurity migration and vapourisation processes 
occurring in the Electrofuel furnace at high temperatures, six differently-
configured samples were prepared and fired at 2240°C for 1.5 hours (Table 6.5).  
Studies outlined in section 6.3 had established that vapourisation from the furnace 
lining (commercial magnesia refractory) would be a contributor of calcium 
silicate impurities. 
 
It was decided to prepare the samples in such a way that vapourisation and direct 
migration could be qualitatively compared.  The experimental design involved 
placing AR-grade MgO at the top of a series of compacts of varying composition 
and then determining the types of phases introduced there due to a possible 
combination of vapour- and solid-state migration. 
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Table 6.5 Description and schematic representation of the sample 
configurations used to study calcium silicate migration. 
Description Configuration 
1.  AR-grade MgO pressed compact placed on top of an inverted 
compact consisting of approximately 8 wt% CaO in AR-grade 
MgO.  Inverted compact resting on a compact of identical 
composition 
 AR-MgO
8% CaO
8% CaO 
2.  AR-grade MgO pressed compact placed on top of an inverted 
compact consisting of approximately 8 wt% SiO2 in AR-grade 
MgO.  Inverted compact resting on a compact of identical 
composition 
 
3.  AR-grade MgO pressed compact placed on top of a pressed 
disc of identical composition.  Disc resting on a slice of 
commercial magnesia refractory brick. 
 
4.  AR-grade MgO pressed compact resting on a slice of 
commercial magnesia refractory brick. 
 
5.  AR-grade MgO pressed compact placed on top of an inverted 
compact of commercial calcined magnesia (designated Run 20).  
Inverted compact resting on a compact of identical composition. 
 
6.  AR-grade MgO pressed compact placed on top of an inverted 
compact of commercial calcined magnesia (designated Run 2).  
Inverted compact resting on a compact of identical composition. 
 
AR-MgO 
8% SiO2
8% SiO2
AR-MgO 
AR-MgO 
Refractory
AR-MgO 
Refractory 
AR-MgO 
Run 20 
Run 20
AR-MgO
Run 2 
Run 2
 
 
 
The sample arrangements were chosen to investigate calcium and silicon 
migration across different MgO substrates.  Configurations 1 and 2, the 8% CaO 
and 8% SiO2 samples respectively, were chosen to observe the degree of impurity 
transfer to the top “pure” MgO compact.  Theoretically, if there was no calcium 
and silicon vapourisation or migration occurring in the furnace, then these two 
samples should not contain calcium silicate phases.  However, in practice, the 
refractory lining of the furnace ensures there is an abundance of calcium and 
silicon vapour.  Changes to the top compact in these configurations were expected 
to show the strongest effect of vapour phase migration. 
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Configurations 3 and 4 were designed to observe how much impurity transfer was 
impeded by increasing migration distance between the refractory brick and top 
AR-grade MgO. 
 
Lastly, configurations 5 and 6 were selected to determine the effect of two slightly 
different commercial calcined magnesias as the source of calcium silicates. 
 
 
6.4.2 Bulk chemistry results (XRF) 
 
Each configuration was processed concurrently in the Electrofuel furnace.  Each 
sample was then cut in half and one half of the sample was ground in a zirconia 
ring mill and the resulting powder analysed by XRF (Table 6.6) and XRD (Table 
6.7).  
 
It can be seen from Table 6.6 that there has been extensive calcium and silicon 
contamination of the upper compacts.  The configurations that had either no 
calcium or silica added (2 and 1 respectively) contained appreciable amounts of 
these elements.  Interestingly, the silica concentration remaining in the base 
compact of configuration 2 (originally 8.64%) was identical to the silica that had 
migrated to the base compact of configuration 1 (originally 0.07% SiO2).  Further, 
the overall silica levels in all the compacts of configurations 1 and 2 are generally 
similar.  This indicates that not only is silica very mobile, but there appears to be a 
natural or equilibrium level that it will approach given enough time. 
 
The increased SiO2 concentration in configuration 1 may have been caused by the 
high levels of CaO in the bottom two briquettes fluxing SiO2 from the vapour to 
form calcium silicates.  This may have been followed by migration of calcium 
silicates to the top briquette because of their direct contact.  This would explain 
why the greatest concentration of silica is in the base compact, followed by the 
mid and the least found in the top. 
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Table 6.6 Results of the bulk chemical analyses.  Composition of the various 
feedstock used to prepare the various briquettes are shown in 
italics. 
Config’n MgO SiO2 Al2O3 CaO Fe2O3 MnO SUM  
        
1-Top 93.59 1.37 0.02 4.75 0.02 0.021 99.77 
1-Mid 89.44 2.18 0.02 8.09 0.02 0.022 99.77 
1-Base 90.57 2.84 0.05 6.64 0.05 0.037 100.19 
        
AR-MgO 98.13 0.10 0.01 0.22 0.01 0.008 98.48 
CaO feed 89.89 0.07 0.01 7.97 0.05 0.012 98.00 
        
2-Top 97.48 1.81 0.00 0.58 0.01 0.021 99.91 
2-Mid 96.87 2.66 0.03 0.60 0.00 0.018 100.18 
2-Base 96.40 2.84 0.02 0.64 0.01 0.027 99.94 
        
AR-MgO 98.13 0.10 0.01 0.22 0.01 0.008 98.48 
SiO2 feed 88.21 8.64 0.01 0.76 0.01 0.010 97.64 
        
3-Top 96.62 1.09 0.02 1.89 0.01 0.016 99.65 
3-Mid 95.16 1.73 0.02 2.80 0.03 0.027 99.77 
        
AR-MgO 98.13 0.10 0.01 0.22 0.01 0.008 98.48 
Refractory 95.83 1.36 0.05 2.43 0.11 0.039 99.82 
        
4-Top 94.87 1.88 0.00 2.98 0.04 0.023 99.79 
4-Base 95.74 1.37 0.03 2.51 0.11 0.042 99.80 
        
AR-MgO 98.13 0.10 0.01 0.22 0.01 0.008 98.48 
Refractory 95.83 1.36 0.05 2.43 0.11 0.039 99.82 
        
5-Top 97.73 0.42 0.01 1.39 0.01 0.026 99.59 
5-Mid 97.21 0.36 0.05 1.92 0.03 0.106 99.67 
5-Base 97.23 0.38 0.06 1.82 0.05 0.107 99.65 
        
Run 20 feed 97.35 0.31 0.05 2.32 0.02 0.125 100.18 
        
6-Top 94.79 1.75 0.02 3.24 0.01 0.038 99.85 
6-Mid 96.12 1.10 0.04 2.40 0.03 0.083 99.77 
6-Base 96.13 1.14 0.04 2.51 0.04 0.088 99.95 
        
Run 2 feed 96.95 0.63 0.04 2.24 0.02 0.103 99.99 
AR-MgO
8% CaO
8% CaO 
AR-MgO 
8% SiO2
8% SiO2
AR-MgO 
AR-MgO 
Refractory
AR-MgO 
Refractory 
AR-MgO 
Run 20 
Run 20
AR-MgO
Run 2 
Run 2
 
 
 
For configuration 2, even though the initial concentration of silica in the mid and 
base compacts was 8.64%, the resulting concentrations in the three compacts are 
significantly lower.  Interestingly, the level of CaO in each is remarkably 
consistent at about 0.6%.  These results are consistent with the dominant 
mechanism of calcium transfer being migration of calcium silicates, with little 
loss by volatilisation. 
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The difference between configurations 3 and 4 was the placement of a disc of AR-
grade MgO between the top compact and the refractory brick base in 
configuration 3.  This was to observe whether there was impedance of calcium 
silicate migration to the top AR-grade MgO brick by the placement of the central 
disc.  The results of Table 6.6 show that there is significantly less SiO2 and CaO 
in the top compact in configuration 3 compared to that of configuration 4.  Also, 
the middle compact in configuration 3 had similar composition to the top compact 
in configuration 4. 
 
Considering configurations 5 and 6, it appears from the results of Table 6.6 that 
some contaminating process led to the large discrepancy in SiO2 and CaO 
concentrations.  The only significant difference in the calcined MgO feed was the 
SiO2 concentration (0.31% and 0.63% for configurations 5 and 6 respectively).  It 
would be expected that the resulting SiO2 and CaO concentrations would be 
comparable due to the similarity of the two configurations.  However, while the 
SiO2 concentration for configuration 5 hardly altered, the CaO concentration 
decreased sharply.  Conversely for configuration 6, while the CaO concentration 
in the lower two briquettes hardly altered (the top briquette gained 0.8% CaO) the 
SiO2 concentration almost doubled in the lower two briquettes and almost tripled 
in the top briquette.  This result is puzzling and cannot be explained other than to 
infer that the position in the furnace (proximity to burner ports) and the local 
atmosphere at the specific location may have had a significant bearing on the 
result. 
 
6.4.3 Mineralogical results (XRD) 
 
The samples were also examined qualitatively by XRD to determine the 
mineralogical phases present.  The results are shown in Table 6.7. 
 
The results shown in Table 6.7 broadly agree with the phases predicted for the  
MgO – CaO – SiO2 system at equilibrium (Fig. 1.8).  Configurations 1 and 5 have 
CaO/SiO2 ratios >7, so C3S and CaO should dominate.  The base briquette of 
configuration 1 had a lower ratio of 2.3 which would explain the presence of 
appreciable C2S.  The abundance of SiO2 in configuration 2 is expected to lead to 
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a predominance of forsterite (M2S).  Configuration 6, although starting off with a 
ratio >3 (which would normally preclude appreciable C2S formation at 
equilibrium), ended up with a final ratio of approximately 2, well within the range 
of C3MS2 and C2S formation.  Configurations 3 and 4 seemed to be dominated 
by the refractory base which was rich in merwinite (C3MS2). 
 
 
Table 6.7 Minor phases identified and a guide to their relative abundance 
(relative abundances denoted by increasing numbers of +, trace 
amount denoted by ▪). 
 
 
Config. 
 
CaO 
 
C3S 
 
C2S 
Merwinite 
(C3MS2) 
Forsterite 
(Mg2SiO4) 
 
       
1-Top + ▪ ▪    
1-Mid +++ ++ ▪    
1-Base + ▪ ++ ▪   
       
       
2-Top     +  
2-Mid     ++  
2-Base     +++  
       
       
3-Top    +   
3-Mid    ++   
Refractory    +++   
       
       
4-Top ▪   +++   
Refractory    +++   
       
       
5-Top ▪  +++    
5-Mid + ++     
5-Base + ++     
       
       
6-Top ▪   +++   
6-Mid ▪  ++ +   
6-Base ▪  ++ +   
       
AR-MgO
8% CaO
8% CaO 
AR-MgO 
8% SiO2
8% SiO2
AR-MgO 
AR-MgO 
Refractory
AR-MgO 
Refractory 
AR-MgO 
Run 20 
Run 20
AR-MgO
Run 2 
Run 2
 
 
 
 
Samples in close proximity to commercial refractory brick containing merwinite 
became contaminated with merwinite (Table 6.7).  There is some reduction in 
concentration of the merwinite if a second layer of AR-MgO is placed between 
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the refractory and the top sample, as shown by the relative peak intensities in the 
XRD plot in Fig. 6.8.  Even so, it is important to note that a significant amount of 
merwinite appeared at the top briquette of sample 3. 
 
 
 
AR-MgO
AR-MgO
Refractory
3
AR-MgO
Refractory
4
31 33 35
 
Fig. 6.8 The XRD pattern for configurations 3 and 4, including the peak 
positions and relative peak heights for merwinite.  Some reduction 
of the merwinite concentration in the top MgO briquette of 
configuration 3 is due to the placement of an MgO spacer.  
 
 
 
For configurations 5 and 6, the phase assemblages in the lower briquettes (Mid 
and Base) are the same, though they differ for the Top briquette in each 
configuration.  However, the difference in the phases found for configurations 5 
and 6 are considered too great for such a small difference in original SiO2 level 
(0.31% and 0.63% respectively).  Nevertheless, such a large difference observed 
for two configurations that were very similar tends to confirm that there may be 
some other effect – possibly linked to some feature of the furnace/refractory 
system or perhaps the alignment of the burners – in impurity migration. 
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The CaO- and SiO2-doped configurations (1 and 2 respectively) also show a 
marked difference in the observed phase assemblages.  Configuration 1 shows a 
steady progression in the types of silicates produced with the vertical placement of 
the briquette.  The Base briquette contains mainly C2S due to the larger amount of 
SiO2 present (Table 6.6).  The Mid briquette contains less SiO2 and subsequently 
shows C3S and CaO formation.  The Top briquette contains the least SiO2 and 
shows CaO as the main impurity.  It is important to note that the samples in this 
suite contained very little silica before deadburning, yet contained up to 2.8% total 
SiO2 after deadburning.  It is considered that the high concentration of SiO2 
observed was due to contamination by the migration of silica from surrounding 
materials (eg. furnace lining). 
 
Configuration 2 (SiO2-doped) shows extensive forsterite (Mg2SiO4) formation, 
with very little change in the calcium content for all briquettes.  Kingery 66  shows 
that the temperature of initial liquid formation of MgO in contact with SiO2 is 
1540°C.  Further to this, high-SiO2 concentrations up to 40 wt% in MgO lead to 
forsterite formation, which will co-exist with MgO up to 1850°C where the 
mixture will form a liquid.40  This liquid may have migrated to the top briquette 
(Table 6.7). 
 
 
6.5 Discussion 
 
MgO, CaO and SiO2 can all vapourise appreciably at high temperatures 67,68  and 
vapourisation of calcium and silicon from commercial magnesia can be 
significant.  Analysis of these processes in an Electrofuel furnace is complicated 
by several factors.  Firstly, the Electrofuel is a gas-fired furnace and, as such, 
produces water vapour as a combustion product, enhancing the vapourisation 
process.  Secondly, the furnace contains commercial magnesia refractory bricks 
which contain similarities in impurities which also vapourise during heating, 
obscuring the mechanism.  However, these same factors will operate in 
commercial kilns and so the furnace presents a relatively realistic setting to study 
the effect of these processes. 
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The magnitude of loss by vapourisation of calcium and silicon is most for samples 
isolated from such impurities, and least for samples in direct contact with 
relatively abundant calcium silicates.  The results of the migration experiments 
(section 6.4) showed that MgO compacts resting on commercial refractory bricks 
will be contaminated with the same silicate species contained in the brick. 
Samples with very little silica but abundant calcium levels have been shown to 
combine with silicate vapours or migrating silicate species to form stable calcium 
silicates (configuration 1).  High silica concentrations in the compacts will tend to 
result in the formation of forsterite (Mg2SiO4), although the overall migration of 
silicates in this case does not appear as extensive. 
 
The extent of calcium silicate migration was shown by the ease with which 
merwinite, present in the commercial refractory lining brick, was able to diffuse 
into a compact made from AR-MgO, even with an isolating spacer of AR-MgO in 
place.  This is most likely due to the increased tendency of lower CaO/SiO2 ratio 
phases (such as merwinite and monticellite) to wet the MgO crystals.69  Increased 
“wettability” means that the liquid silicate will tend to surround MgO grains (Fig. 
5.19).  Decreased wettability results in the silicate migrating to pockets between 
crystals during deadburning, resulting in a greater degree of solid-solid bonding 
between adjacent MgO grains on cooling. 
 
The effect of slightly different commercial calcined magnesias was puzzling in 
that the gross differences observed in the phase assemblages could not be 
accounted for.  Configuration 5 lost some calcium, whereas configuration 6 
gained appreciable silica.  It is thought that the effect of the furnace atmosphere 
and/or opportunistic contamination due to placement in proximity of a burner port 
may have had a greater effect on these samples.  It is known that local high 
temperatures at the burner ports or flame impingement zones in the Electrofuel 
furnace causes a considerable loss of refractory.  This leads to a high level of 
volatile species at that location in the furnace.  High gas velocity – due to both 
expansion on combustion and pressures within the furnace – would ensure that the 
species formed would probably be swept very rapidly from the furnace. 
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Processes of solid-state diffusion and liquid migration can contribute significantly 
to impurity transfer, but more work is needed in order to determine their relative 
contributions under the experimental conditions described in this thesis. 
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7. SUMMARY AND CONCLUSIONS 
 
 
7.1 Major Findings 
 
This thesis has studied the effects of a variety of high-temperature processing 
conditions on magnesia in order to gain a better understanding of the migration 
and transportation of calcium silicate impurities.  The characterisation of a variety 
of magnesite-rich nodules has clearly shown that for the bulk of the nodule the 
main impurities, calcium and silicon, tend to be widely distributed throughout the 
nodule.  Line profile analysis of detailed qualitative EPMA maps has shown a 
clear gradient of calcium distribution from the skin of the nodule (high Ca) to the 
centre (low Ca).  Even the very pure magnesites show this phenomenon. 
 
While there are clear differences between the gas-fired Electrofuel furnace and the 
electric CM furnace, the Electrofuel furnace more closely simulates the types of 
furnaces used in industry (eg. vertical shaft kiln) with respect to soak temperature 
and atmosphere.  What this work has shown is that the mobility of calcium- and 
silicon-containing species is not only significant at temperatures above 2000°C, 
but is enhanced by the hydrocarbon-fuel-burning furnace configuration.   
 
Deadburning calcined magnesia at a variety of soak temperatures and soak times 
revealed that the temperature range 1600 – 1800°C is very important, as a number 
of significant changes occur in the physical properties and phase assemblages.  
The establishment of significant grain growth begins after 1600°C, whereas by 
1800°C most of the densification has been completed. 
 
It is clear that there is significant impurity mobility occurring within the gas-fired 
Electrofuel furnace used for the majority of the deadburning experiments.  The 
total MgO (by XRF) shows a gradual increase with increasing deadburning 
temperature, suggesting volatilisation of higher-vapour-pressure species.  It has 
been established 23,52  that the volatilisation of CaO, SiO2 and MgO are all 
enhanced by the presence of water vapour in the furnace, lending weight to the 
assumption that this is occurring in the Electrofuel furnace.  Indeed, the increasing 
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levels of merwinite (C3MS2) found in samples heated to temperatures beyond 
about 1800°C indicate a form of contamination introduced by the deadburning 
process, as the presence of merwinite is not expected at these temperatures.  As 
well, the CaO/SiO2 ratios for the starting samples were around 3, well above the 
ratio of 1 – 2 where merwinite is expected to form, although significant solid 
solution at high temperatures can effect unexpected phase assemblages, especially 
in magnesia systems containing a high CaO/SiO2 ratio.  
 
There are easily discerned CaO inclusions or precipitates within MgO grains at 
the higher temperatures.  This is probably a result of the significant solid-solution 
between MgO and CaO at high temperatures.   
 
The presence of the CaO inclusions at higher temperatures is consistent with the 
finding from the Time/Temperature variation runs (Chapter 4) that the levels of 
CaO (as free CaO) initially decrease then increase again with temperatures beyond 
about 1800°C.  It appears that this free CaO is present in CaO inclusions 
precipitating within the MgO grains. 
 
The distribution of calcium inclusions in deadburned magnesia, however, does not 
appear homogeneous.  The high-resolution qualitative EPMA maps, able to 
highlight subtle chemical changes across whole MgO grains, clearly show a 
depletion of calcium levels just inside the grain boundary of MgO compared to 
the bulk levels, an observation verified by quantitative analysis.  This is the first 
study to clearly demonstrate this effect across complete MgO grains.  
 
Doping the same calcined magnesia feed separately with CaO and SiO2 resulted in 
significant differences in the types of phases formed at high temperatures.  
Consideration of the numerous qualitative EPMA maps of the doped samples 
indicated that C3S was the dominant silicate species, a result seemingly at odds 
with the finding for the Time/Temperature samples that C2S was dominant.  This 
anomaly may be a result of vapour phase transport.  Each Time/Temperature 
“sample” consisted of 10 briquettes placed in contact on a pressed pad of the same 
calcined MgO, whereas the CaO- or SiO2- doped sample was a single pressed 
compact resting on a similar pad.  It is possible that the many similar samples in 
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intimate contact may have experienced different solid/vapour silicate 
transportation and migration than the single sample.  Nevertheless, it appears that 
the methodology did not prevent contamination of the samples by the surrounding 
refractories and/or furnace atmosphere. 
 
Magnesia placed on top of commercial refractories containing merwinite 
(C3MS2) is rapidly contaminated by this phase.  The placement of an MgO spacer 
to prevent this contamination attenuated, but did not prevent, the merwinite 
migration. 
 
Vapourisation losses from samples isolated from the effects of the gas-fired 
Electrofuel furnace were least for samples in close proximity to a calcium silicate 
source.  Losses were greatest for samples totally isolated from any calcium 
silicate sources, indicating the importance of vapour pressure in limiting or 
promoting further vapourisation.  The remaining ratio (ratio of final impurity level 
to initial impurity level) for both CaO and SiO2 decreased markedly at 
temperatures above 1800°C, further highlighting the significance of vapourisation. 
 
Lastly, investigation of an observed XRD intensity ratio anomaly was made.  It 
was found that the observed intensity of the [002] and [004] peaks for MgO 
tended to increase disproportionately to the other peaks with increasing 
temperature for powder particle sizes of approximately 100 μm.  Micronising the 
same powder cancelled this effect, indicating that the effect was caused by either 
preferred orientation of the MgO crystals or anisotropic crystal growth.  The 
intensity anomaly affects the quantitative analysis of the mineralogical phases by 
the Rietveld method, as the observed intensity of the main MgO peak (the [002] 
peak) is not adequately modelled by the program at the higher temperatures.  This 
previously unreported effect may reveal information about the crystal structure of 
the MgO and/or the processing conditions that caused it.  
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7.2 Suggestions for Future Work 
 
This thesis has identified a number of areas worthy of further examination. 
 
1. Impurity mobility in commercial deadburning kilns.  This thesis describes 
important mineralogical changes occurring during laboratory-controlled 
experiments.  In order to evaluate the applicability of the results to 
commercial kilns, a series of controlled experiments should be undertaken 
on a commercial kiln.  These experiments should be designed to address 
processing issues such as the role of calcium and silicon in determining 
final product quality.  In particular, mineralogical changes described here 
should form the basis for relating product mineralogy to feedstock 
chemical and mineralogical morphology. 
2. Anisotropic crystal growth in MgO.  This phenomenon should be 
investigated with a view to its possible exploitation as an industrial 
process analytical tool.  Correlating crystal anisotropy with some 
processing parameter (i.e.  impurity content, briquette strength, soak time 
and temperature) could result in a very valuable industrial predictive tool. 
3. The correlation between total CaO and PCS.  This correlation implies that 
total calcium content (expressed as total CaO by XRF analysis) may be a 
useful and rapid predictive tool for PCS.  Additional experiments using 
different CaO and SiO2 starting compositions are required before the 
utility of this finding is proven.  Currently, a PCS measurement is quite 
labour-intensive (a single operator measuring 1500 chord lengths taking 
up to about an hour on a sample that takes ~20 min to prepare) whereas an 
XRF analysis could be completed (on a ground sample) within minutes. 
4. Phases present at high temperatures.  In order to gain a more 
comprehensive understanding of the phase relationships in commercial 
magnesia refractories, additional experiments should be devised in which 
high-temperature samples are (a) quenched and (b) cooled at different 
controlled cooling rates.  Thermodynamic modelling could also be used to 
help determine the equilibrium phase assemblages present at high 
temperature. 
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